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This  ri'port  Ji‘s».  riK‘s  the  results  ef  the  secend  year  of  a  two-year  study 
diret  ted  toward  improving,  short-term  fori*casts  and  nowcasts  through 
proce'^sing  of  satellite  data  (year  1)  and  Di>ppler  profiler  data  (year  2).  The 
results  of  the  first  vear  of  this  study  have  been  reported  elsewhere  (Hamill  and 
NVhrkom,  1^‘Jda;  ffamiil  and  Nehrkom,  19*^3b;  Nehrkom  et  al.,  1993).  The 
pris-ent  rep<^rt  aims  to  demonstrate  the  utility  of  Doppler  wind  profilers  as  a 
weathiT  analysis  and  forecast  tin’ll.  This  information  could  then  be  used  to 
decide  whether  to  include  these  data  in  the  data  stream  available  at  Air  F-'orce 
metisirological  workstations  such  as  the  Automatini  Weather  Distribution 
Svstem,  or  .AWl^i,  The  approach  taken  in  this  study  is  to  perform  a  numK'r  of 
retrospivtive  case  studies,  and  to  evaluate  qualitatively  how  the  additional 
information  provided  by  the  profiler  data  would  have  improved  nowcasts  (0  to 
hours)  and  sh<irt-term  foriKasts  (3  to  12  hours) 

The  National  Weather  Ser\'ice  (NWS)  recently  deployed  a  demonstration 
network  of  31  Doppler  wind  profilers  throughout  the  central  U.S.  (Figure  1). 
These  profilers,  operating  at  404.37  MHz,  arc  capable  of  measuring  vertical 
profiles  of  the  wind  from  0.5  to  16.25  km  AGL  (Chadwick,  1988;  van  de  Kamp, 
19S8;  Weber  ef  al.,  1990).  The  accuracy  of  hourly  wind  measurements  from  the 
profilers  is  competitive  with  radiosondes  (Weber  and  Wuertz,  1990;  Weber  et  al., 
19^1),  and  profilers  have  the  distinct  advantage  of  providing  information  everv 
hour,  rather  than  twice  daily,  as  with  U.S.  radiosemdes. 

the  usefulness  of  selected  profilers  for  nowcasting  and  diagnostic  studies  is 
well-documented  (Brady  and  Brew'ster,  1989;  Carlson,  1987;  Jew'ettand  Brady, 
1989;  Nai.stat,  1993;  Neiman  and  Shapiro,  1989;  Walawender,  1993;  Zamora  et  al., 
1987).  Typically  the  profiler  data  is  viewed  in  a  time/height  cross  section,  with 
more  recent  data  to  the  left  and  older  data  to  the  right  (examples  of  such  displavs 
can  be  found  in  .section  3  of  this  report).  These  displays  conveniently  depict  a 
time  series  of  wind  analyses  (and  often  overlays  of  derived  kinematic  quantities), 
allowing  the  u.st»r  to  trace  changes  up  to  the  analysis  time.  An  educated 
forecaster  can  often  make  reasonable  inferences  on  the  short-term  future  states  of 
the  weather  w-ifh  such  displays.  Using  time/height  cro.ss  sections,  pnifilers  have 
proved  useful  for  timing  of  the  end  of  precipitation  with  trough  passage, 
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Figure  V  Map  of  profiler  sites  and  3-letter  identifiers  for  NOAA's  wind  profiler 
demonstration  network.  Inner  box  indicates  location  of  analysis  domain. 


determining  the  propagation  speed  of  waves,  comparing  with  radiosonde  data 
and  model  forecasts,  detecting  fronts,  overrunning  surfaces,  subtle  upper-level 
waves,  low-level  jets,  and  upper-level  divergence,  diagnosing  precipitation  from 
derived  vertical  velocities,  and  much  more. 

The  usefulness  of  the  nenvork  as  a  whole  is  less  thoroughly  explored, 
primarily  since  this  data  has  only  recently  been  available.  Ralph  and  Neiman 
(1993)  illustrate  profiler  network  data  overlaid  on  satellite  imagery  of  a  mesoscale 
convective  system  (MCS)  and  discuss  the  utility  of  divergence  diagnosed  from  a 
triangle  of  sites  under  the  MCS.  Kuo  et  al.  (1987)  and  Cram  et  al.  (1991)  have 
explored  the  retrieval  of  temperatures  and  geopotential  using  multiple  profilers. 
The  Mestiscale  Analysis  and  Prediction  System  (MAPS)  run  by  NOAA/ERL/FSL 
(Benjamin,  1989;  Benjamin  et  al.,  1991;  Smith  and  Benjamin,  1993)  now 
operationally  assimilates  profiler  data  and  produces  new  objective  analyses 
every  three  hours.  This  analysis  is  quite  robust,  since  many  other  data  sources 
such  as  aircraft  and  surface  observations  are  also  used.  However,  this  data  is  not 
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yet  widely  distributed,  and  'f  is  only  available  every  three  hours  though  the 
pri'tiler  data  is  available  once  an  hour. 

Since  the  profiler  network  has  a  relatively  uniform  station  spacing  and 
prt'duces  reliable  observ  ations,  it  is  conducive  to  hourly,  on-site,  gridded 
objective  analyses  of  the  wind  field  (Barnes,  19M).  Kinematic  quantities  such  as 
ci'nvergence,  integr./.od  vertical  veliKity,  temperature  advection,  wind  speed, 
vorticity,  and  vorticity  advection  can  thus  be  calculated  from  the  hourly  analyst's 
and  viewed  in  time/height  cross  sections,  vertical  cross  sections,  or  more 
conveniently,  hi>ri7ontal  plots.  Meteorologists  are  u.sed  to  working  with 
objective  analyses  and  horizontal  depictions  of  weather  conditions  (e  g.,  500  mb 
heights/vorticity  maps).  For  profilers,  such  depictions  give  the  forecaster  an 
areal  perspective  ctf  the  weather,  allow  monitoring  of  features  from  hour  to  hour 
and  t  asy  comparison  against  other  depictions  such  as  forecast  model  output. 
Also,  conditions  upstream  can  be  graphically  extrapolated  into  short-term 
K^recasts  A  more  conventional  time/height  cross  section  would  yield  fewer 
clues  on  the  future  state  of  the  wind  field  since  only  point  information  is 
displayed.  Still,  if  time/height  cross  sections  are  desired,  they  can  be  generated 
from  the  objective  analyses,  even  for  locations  in  between  profiler  sites. 

This  report  documents  our  effort  to  explore  usage  of  the  wind  profiler 
netwtirk  data  by  applying  common  objective  analysis  and  display  methods.  The 
analysis  and  display  software  used  in  this  project  is  described  in  the  next  section. 
Section  3  contains  a  number  of  case  studies,  which  illustrate  the  utility  of  the 
profiler  data  for  issuing  short-term  forecasts.  A  summary’  and  conclusions  are  in 
Section  4,  and  the  references  are  given  in  Section  5. 


Whereas  there  is  scattered  software  for  the  display  of  single  profiler  data  (e.g. 
GI-MPAK,  Penn  State,  NOAA/FSL),  and  less  software  for  the  analysis  and 
display  of  dual  or  triple  profilers,  there  is  no  software  available  for  the  analysis  of 
the  demonstration  network  as  a  whole.  Since  the  profilers  are  now  a  stable,  low- 
error  data  source,  they  are  naturally  amenable  to  use  as  a  data  source  in  objective 
analyses.  These  objective  analyses  permit  the  quick  calculation  and  display  of  a 
variety  of  quantities  from  the  resultant  gridded  data. 


2.1.  Objective  Analysis. 


Wo  h.ivo  dosignod  objoclivo  analysis  and  display  software  tailort'd  to  the 
profiler  demonstrativin  network.  For  the  followinj;  case  studies,  profiler  data  is 
analyzed  in  a  constant-height  ccKirdinate  system  using  a  successive  corrections 
objective  analysis.  The  analysis  grid  is  a  Lambert-conformal  projection  true  at  bO 
and  30  degrivs  north  latitude  and  centered  on  97.5  degrees  west  longitude  and 
37  degrees  north  latitude,  with  a  25  km  grid  spacing.  The  analysis  is  performed 
on  a  48  \  48  grid  to  allow  use  of  outlying  obserx  ations  but  only  the  center  32  x  32 
points  are  displayed  (Figure  1).  The  standard  Barnes  technique  (Barnes,  19f>4; 
Barnes,  1973,  Koch  et  ai.,  1983)  is  used.  Multiple  analysis  times  (e.g.,  OOZ,  OIZ, 
02Z,  etc.)  are  typically  analyzed  in  sequence,  and  in  a  somewhat  nonstandard 
approach,  first  guess  fields  are  used.  For  the  first  time,  the  mean  wind  of  all 
pnifiler  observations  at  a  given  level  is  used  as  the  first  gues.s;  for  later  times,  the 
previous  hour's  wind  analysis  is  used.  Though  this  makes  interpretation  and 
tuning  of  the  Barnes  response  function  more  difficult,  the  resulting  analyses  are 
more  accurate. 

The  level  of  detail  present  in  the  analyses  Is  controlled  by  the  choice  of 
parameters  for  the  Barnes  .scheme,  and  particularly  derived  quantities  such  as 
vorticity,  vorticity  advection,  divergence,  and  integrated  vertical  velocity  may  be 
texi  noisy  or  overly  damped  for  inappropriate  parameter  values.  The  amount  of 
smtxithing  in  the  Barnes  scheme  is  controlled  by  the  length  scale  L„  in  the 
distance  weighting  function; 

-r' 

w,(r)  =  cxp(— -r->  ,  (1) 

L  o 

where  is  the  weight  given  to  an  observation  at  a  distance  r  from  the  analysis 
grid  point.  The  subscript  o  indicates  the  first  pass  of  the  analysis;  in  the  second 
pass,  the  denominator  of  the  exponent  is  multiplied  by  a  factor  y,  corresponding 
to  a  decrea.se  of  the  length  scale.  The  spectral  response  of  the  two  passes  of  the 
analysis  is  a  known  function  of  the  two  parameters,  L„  and  y  (KtKh  et  al.,  1983). 
KcKh  et  al.  (1983)  argue  that  for  high  quality  data,  the  wavelength  corresponding 
to  twice  the  obserx  ation  spacing  ( As)  .should  be  damped  by  a  factor  of  2.  Using  a 
value  of  y  =  0.2,  they  arrive  at  a  value  of  L„  =  As.  For  noisier  data,  they 
recommend  using  the  same  value  of  L„,  but  a  larger  value  of  y .  Seaman  (1989) 
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vised  optimum  interpolation  theor\’  to  arrive  at  optimal  (in  the  sense  of 
minimising  the  squared  error)  parameter  settings,  given  information  about  the 
hon/ontal  correlation  length  scale  of  the  field  to  be  analyzed  (  L )  and  the  noise  to 
signal  ratio  of  the  data  (  A).  His  results  suggest  that  smaller  (larger)  values  of 
L ,/  As  are  optimal  for  clean  (noisy)  data;  the  optimal  value  of  Ly  As  decreases 
with  the  normalized  station  spacing  (  As/L).  For  As/L  =  0.5,  optimal  values  of 
L ,/  As  range  from  0.8  (for  A  =  0.  i )  to  1.3  (for  A  =  0.5).  The  value  cif  y  depended 
mainly  on  the  noise  to  signal  latio.  with  larger  values  for  noisier  data. 

In  iirder  to  apply  the  results  of  Seaman  ( WSd)  to  our  analysis  scheme,  the 
statistical  properties  of  the  field  tc>  be  analyzed  have  to  be  estimated.  Since  we 
make  use  of  a  first  guess  field,  the  field  consists  cif  the  residuals  from  the  first 
guess;  for  the  first  analysis  time  in  a  sequence,  it  is  simply  the  deviation  from  the 
horizontal  average  of  the  winds;  for  subsequent  analysis  times,  it  is  the  difference 
between  the  winds  and  the  previous  hour’s  analysis.  Thus,  fr»r  the  first  analysis 
time,  the  applicable  horizontal  correlatum  scale  is  close  to  that  of  the  wind  field 
itself,  roughly  corresponding  to  L  =  600  km  (Buell,  1972).  At  later  times,  the 
correlation  length  scales  are  likely  to  be  shorter,  somewhat  similar  to  what  has 
bei'n  documented  for  short-range  numerical  weather  prediction  (NWP)  models; 
numerous  studies  (Bartello  and  Mitchell,  1992;  Hollett,  1975;  Hollingsworth  and 
Lonnberg,  1986;  Mitchell,  1990;  Thiebaux  ct  al.,  1990)  suggest  values  of 
approximately  200-300  km  in  that  case.  The  t>bser\’ationaI  error  of  wind  profilers 
may  be  estimated  from  the  comparisons  with  rawinsonde  (Weber  and  Wuertz, 
IWO;  Weber  et  al.,  19^0)  or  l.oransonde  (Smalley  and  Morrisey,  1993)  data,  and 
C(>mpared  with  the  size  of  the  residuals  in  our  analysis.  The  resulting  estimate 
for  the  noi.se  to  signal  ratio  {  A)  is  approximately  0.2,  somewhat  lower  fi>r  the 
first  analysis  times.  Finally,  the  station  spacing  As  in  the  primary'  area  of  interest 
IS  appreiximateiy  230  km. 

Since  there  is  considerable  uncertainty  in  these  estimates  of  L  and  A,  we 
experimented  with  several  settings  of  L„  and  y,  estimating  the  analysis  error  as 
the  difference  between  the  analysis  at  randomly  chosen  observ’ation  locaticms 
which  w'ere  withheld  from  the  analysis  (as  was  done  in  Seaman  1989).  Fmm  the 
results  of  these  tests,  w'e  finally  selected  values  of  L,.  =  230  km  (L.,  /  Av  =  0.94), 
corresponding  to  a  value  of  A  =  0.2,  and  y  =  0.2  for  the  first  analysis  time,  and 
y  =  0.35  for  subsequent  times. 
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Analysis  quality  can  be  enhanced  by  the  careful  screening  of  bad  data  and 
iudicii>us  vertical  averaging.  The  hourly  profiler  obser\’ations  are  used  only  if 
they  ha\  e  passed  all  the  normal  quality  control  checks  such  as  a  vertical  shear 
check  and  a  consensus  check  (Brewster.  198‘)).  Additionally,  a  buddy  check 
s\  stem  is  built  into  the  objective  analysis  so  that  any  observation  deviating 
strongly  from  the  first  guess  is  excluded  unless  a  nearby  profiler  also  obser\‘ed  a 
similar  wind  velocity.  Since  profilers  do  not  record  winds  precisely  at  standard 
MSL  elevations,  analysis  on  a  constant  height  surface  will  by  necessity  involve 
the  use  of  multiple  profiler  obserx’ations  from  surrounding  vertical  levels.  A 
wind  obserx  ation  at  a  given  height  is  determined  through  a  weighting  of  the 
observations  with  similar  heights.  The  analysis  at  height  H  is  a  weighted  sum  of 
observations  at  an\  gate  with  a  height  O  within  750  m  vertical  distance  from  H. 
The  weight  Wv  given  to  each  of  these  observations  is  determined  through  the 
equation 

W.  = - ! - -  (2) 

i  +  C(H-Or 

where  the  ctH’fficient  Cy  here  is  l*10'^m'“.  A  plot  of  the  weight  versus  height 
difference  is  shown  in  Figure  2.  The  use  of  this  rather  than  a  linear  interpolation 
between  two  gates  yielded  more  consistent  analyses  from  one  vertical  level  to  the 
next  than  simple  interpolation,  especially  for  sites  where  some  wind  obserx’ations 
were  missing  or  deleted  in  the  QC  process. 

Our  objective  analysis  software  allows  the  user  to  chmise  individual  height 
levels  for  analysis  (e  g.,  1500  m),  or  to  prespecify  a  fixed  set  of  20  analysis  levels 
at  either  high  or  low  resolution.  In  high  resolution,  the  analysis  is  performed 
every  250  m  from  1000  m  to  5750  m;  in  low’  resolution,  the  analysis  is  performed 
ever\'  750  m  from  1500  m  to  15750  m. 
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Weight 

Figure  2:  Plot  of  the  weight  vs.  height  difference  as  gwen  in  Equation  2. 

2.2.  Derived  Quantities  Calculation. 

Once  the  objective  analysis  has  been  completed,  a  variety  of  derived 
quantities  can  be  calculated  from  the  gridded  winds.  Among  these  are; 

a.  Storm-relative  winds.  Assuming  that  the  overall  motion  of  the  storm 
inside  the  domain  is  proportional  to  the  average  wind  speed  from  all  levels  and 
all  times,  the  user  can  reset  winds  back  and  forth  from  the  objectively  analyzed 
value  to  a  "storm  relative"  value,  where  this  mean  wind  is  subtracted  from  the 
analyzed  value. 

b.  Perturbation  winds.  For  each  point  in  the  analysis  domain,  a  time  average 
over  all  the  selected  analysis  times  can  be  determined.  By  subtracting  this  value 
from  the  value  at  a  gridpoint,  the  perturbation  from  the  presumed  mean  flow'  can 
be  determined.  This  will  often  enhance  the  user's  ability  to  detect  subtle  features 
embedded  within  a  strong  flow. 

c.  Absolute  vorticity. 
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d.  Convergence. 

e.  Analyzed  vertical  velocities.  The  profiler  netw'ork  archives  not  only  the  U 
and  V  wind  components,  but  also  a  VV  component.  This  is  also  objectively 
analyzed  and  available  for  display.  However,  its  value  as  a  diagnostic  is  limited; 
in  areas  of  precipitation,  for  example,  the  reported  vertical  velocity  will  usually 
reflect  the  fall  velocity  of  the  precipitation,  not  the  motion  of  the  ambient  air. 

f.  Vertical  velocities  from  divergence  equation.  As  with  numerical  'orecast 
models,  the  gridded  horizontal  wind  velocities  can  be  used  to  determine  a 
compatible  vertical  velocity  through  the  divergence  equation.  We  assume 
vertical  velocities  arc  zero  at  the  lowest  analysis  level,  and  then  determine 
vertical  motion  through  upward  integration  of  the  net  divergence. 

g.  Vorticity  advection. 

h.  Ceostrophic  temperature  advection.  Assuming  the  winds  are 
geostrophic,  the  wind  shear  in  a  layer  between  two  analysis  levels  can  be  used  to 
detect  temperature  advection  (Neiman  and  Shapiro,  1989),  which  could 
potentially  be  useful  for  determining  whether  an  area  is  stabilizing  or 
destabilizing. 

2.3.  Methods  of  Displaying  the  Data. 

We  have  also  designed  a  software  package  for  the  convenient  display  of  the 
profiler  analyses  and  derived  products.  The  analyses  can  be  displayed  in  one  of 
three  w-ays: 

a.  Time  /  height  cross  section.  For  a  user-specified  location,  which  can  be 
either  an  analysis  grid  point,  or  an  intermediate  point  to  which  data  are 
interpolated,  profiler  data  are  displayed  in  a  coordinate  system  with  height  as  the 
ordinate,  and  time  as  the  abscissa. 

b.  Vertical  cross  section.  The  user  specifies  two  endpoints,  and  the  softw-are 
will  either  loop  through  a  time  series  of  cross  sections,  or  display  them  one  at  a 
time. 
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c.  Horizontal  cross  section.  The  user  selects  a  height  level  for  display,  and 
again,  the  software  will  either  loop  through  a  time  series  of  cross  sections,  or 
display  them  one  at  a  time. 

2.4.  Other  Display  Software. 

Also  available  to  us  are  assorted  other  software  display  packages.  Each  of 
these  packages  was  used  for  some  part  of  the  profile*’  project;  data  was  often 
available  from  one  data  stream  for  our  older  case  studies,  and  a  different  data 
stream  for  newer  cases.  Often  a  given  display  capability  (e  g.,  plotting  surface 
observations)  was  available  from  many  of  the  software  packages  used,  but  we 
could  not  standardize  because  of  these  different  data  streams.  The  software 
available  to  us  is  described  below: 

a.  Existing  AIMS  software.  We  use  the  AIMS  (Gustafson  et  al.,  1991; 
Gustafson  et  al.,  1987)  computer  system  for  the  display  of: 

1 .  Raw  surface  observations 

2.  Numerical  guidance  such  as  FOUS  and  MOS  (Klein  and  Glahn,  1974) 

3.  Gridded  manually  digitized  radar  output  (MDR) 

4.  Skew-T's. 

b.  New  AIMS  software:  We  have  also  specially  designed  some  additional 
software  for  this  project; 

b.l.  GOES  data  display.  Using  the  data  visualization  language  PV-WAVE, 
we  can  conveniently  loop  GOES  satellite  data,  either  in  its  native  projection  or 
remapped  to  the  profiler  domain. 

b.2.  Raw  Profiler  data.  Thes<?  observations  can  be  displayed  in  horizontal 
cross  section  at  any  MSL  height  for  a  single  time  or  looped.  Profilsr  winds  at  a 
particular  height  are  obtained  as  a  weighted  vertical  average  of  nearby 
observation  levels,  as  in  the  objective  analysis.  The  display  domain  here  is  an 
expanded  version  of  the  domain  used  in  the  objective  analysis.  These  displays 
are  useful  for  checking  the  accuracy  of  the  objective  analysis,  particularly  in  cases 
where  data  coverage  is  sparse,  or  where  the  profiler  data  contains  outliers  and 
the  buddy  check  procedure  may  be  invoked. 
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b.3.  Precipitation  data.  Using  NMC's  river  forecast  database  of  rainfall 
observations,  the  12Z-  to  12Z  daily  rainfall  obser\’ations  for  thousands  of  sites 
can  be  displayed,  permitting  the  determination  of  areas  of  significant 
precipitation  more  accurately. 

c  GEMPAK  .  This  display  package,  running  on  a  Sun  workstation,  was 
used  primarily  for  the  display  of  conventional  data,  such  as  surface  observations, 
upper-air  obscrv’ations,  and  Skew-Ts.  The  software  also  can  display  forecast 
model  output  (NGM  data)  and  profiler  data  in  time/height  cross-sections. 

d.  WXP.  The  WXP  package  developed  by  Purdue  University  was  used  to 
plot  observations  and  analyses,  as  well  as  NGM  forecasts.  This  package  was 
used  for  NMC  forecast  and  analysis  data  available  to  us  through  another  project 
at  AER,  for  parts  of  1992  and  1993. 

3.  Case  Studies 

In  the  following,  a  total  of  8  case  studies  are  presented.  For  each  case,  a 
particular  forecast  problem  is  identified,  and  the  accuracy  of  the  forecast 
guidance  (other  than  profiler  data)  available  to  forecasters  is  assessed.  The  role 
of  profiler  data  in  improving  on  the  forecast  guidance  is  demonstrated 
qualitatively.  In  many  of  the  cases,  comparisons  between  NGM  forecasted  and 
obser\’ed  precipitation  are  used  as  one  indicator  of  the  quality  of  the  NGM 
forecast.  These  comparisons  must  be  interpreted  with  care,  because  NGM 
forecasts  represent  80  km  grid  box  averages,  while  observed  amounts  at 
individual  sites  can  vary  strongly  on  that  scale,  particularly  in  convective 
situations.  In  addition,  NGM  precipitation  forecasts  are  affected  by  the  spin-up 
of  the  model  during  the  first  6-12  hours.  For  these  reasons,  precipitation  forecast 
errors  are  only  used  to  show  timing  or  placement  errors,  or  in  conjunction  with 
forecast  errors  of  other  fields. 

3.1.  March  9, 1992:  Texas/Oklahoma  Convective  Rain  Event 

Between  06  and  12  UTC  9  March  1992, 1-2"  of  convective  rainfall  fell  across 
northeast  Texas  and  southeast  Oklahoma.  The  00  UTC  NGM  forecast  failed  to 
forecast  the  significant  rainfall.  The  forecast  period  and  area  of  interest  in  this 
case  is  06  to  12  TC  9  March  over  eastern  Texas  and  Oklahoma.  Short-term 
forecasts  with  observations  and  forecast  guidance  available  at  03  UTC,  and 
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nowcasts  with  data  available  at  06  UTC,  are  considered  and  compared  to  the 
verifying  obserx'ations  and  analyses  between  06  and  12  UTC.  Profiler  data  at  03 
UTC  allow  early  iJentification  of  NGM  forecast  errors  in  this  case,  and 
subsequent  profiler  data  illustrate  key  aspects  of  the  circulation. 


3.1.1.  Standard  Meteorological  Data  Available  Before  the  Storm. 

The  flow  at  the  surface  is  characterized  by  a  strong  low  moving  east  from 
southeast  Colorado.  At  03  UTC  9  March  (Figure  3)  the  center  of  the  low  is 
located  in  western  Kansas,  with  snow,  rain,  and  thunderstorms  to  the  north  and 
west.  Extending  south  from  the  center  of  the  low,  a  sharp  dry  line  is  moving 
through  western  Oklahoma  and  central  Texas  with  a  moist,  southerly  flow  from 
the  Gulf  of  Mexico  ahead  of  it.  A  thunderstorm  is  reported  at  McAlester,  OK 
(MLC)  at  03  UTC,  Wichita  Falls,  TX  (SPS)  at  00  and  03  UTC,  and  at  Abilene,  TX 
(ABI)  at  03  UTC  (see  Figure  3  for  station  locations).  The  convection  associated 
with  this  dr\’  line  can  be  seen  to  move  east  and  intensify  in  the  manually 
digitized  radar  summaries.  At  03  UTC  9  March  (Figure  4),  a  line  of  intense 
convection  (echoes  with  levels  5  and  6)  stretches  from  southwest  Texas  to  central 
Oklahoma. 

The  00  UTC  9  March  upper  air  maps  are  shown  in  Figures  5  and  6.  At  850  mb 
(Figure  5)  there  is  moist  southerly  flow  over  northeast  Texas  and  eastern 
Oklahoma;  at  700  mb  and  500  mb  (Figure  6),  dry  air  is  moving  in  from  the 
southwest,  leading  to  an  environment  conducive  to  convection.  Also  visible  at 
500  mb  is  a  jet  streak  approaching  from  the  southwest,  which  is  also  present  at 
300  mb  (not  shown). 

The  00  UTC  9  March  NGM  forecast  guidance  for  the  6h  precipitation  ending 
at  12  UTC  9  March  (Figure  7)  shows  a  large  area  of  .2"  to  .8  ”  accumulation 
associated  with  the  frontal  precipitation  in  northern  Colorado,  Kansas,  and 
points  to  the  north  and  east,  but  only  relatively  light  precipitation  (.T’-.3")  in 
eastern  Texas  and  Oklahoma.  The  reason  for  this  forecast  is  apparent  in  the  700 
mb  vertical  velocity  forecasts  valid  at  06  UTC  (Figure  8)  and  1 2  UTC  (Figure  9), 
which  show  most  of  central  and  western  Texas  under  large  scale  sinking  motion, 
and  only  weak  upward  motion  in  Oklahoma  at  06  UTC,  being  replaced  by 
sinking  motion  by  12  UTC  over  all  but  the  easternmost  part  of  the  state.  The  500 


11 


mb  forecast  maps  indicate  negative  vorticity  advection  (contributing  to  sinking 
motion)  over  Texas  at  06  UTC,  and  both  Texas  and  Oklahoma  at  12  UTC  (l^igure 
10).  Warm  advection  at  850  mb  (not  shown)  accounts  for  the  area  of  weak 
upward  motion,  and  light  precipitation,  in  eastern  Texas  and  Oklahoma  in  the 
NGM  forecast.  The  warm  and  moist  low  level  flow  also  accounts  for  the 
predicted  destabilization  apparent  in  the  forecast  maps  of  the  lifted  index 
(Figures  1 1  and  12).  A  band  of  negative  lifted  indices,  which  exists  in  Oklahoma 
and  eastern  Texas  at  00  UTC,  moves  east  through  the  forecast  period,  indicating 
instability  and  a  favorable  environment  for  convection.  A  forecaster  presented 
with  this  information  would  have  to  balance  the  observation  of  the  approaching 
dry  line  convection,  and  the  somewhat  favorable  lifted  index  forecast,  against  the 
vertical  velocity  and  precipitation  forecast  from  the  NGM,  which  suggest  that 
convect’ve  precipitation  would  be  suppressed  to  some  degree.  A  reasonable 
forecast  in  this  situation  would  be  for  a  chance  of  thunderstorms  for  northeast 
Texas  and  southeast  Oklahoma,  but  most  likely  not  a  widespread  area  of  large 
accumulations. 


3.1.2.  Information  Available  During  and  After  the  Storm. 

The  06  UTC  (Figure  13),  09  UTC  (Figure  14),  and  12  UTC  (Figure  15)  9  March 
surface  maps  show  the  line  of  convection  in  central  Oklahoma  and  central  Texas 
continuing  to  move  east.  A  heavy  thunderstorm  is  reported  at  Dallas,  TX  (DFW) 
at  08  UTC  with  moderate  rain  showers  there  at  07  UTC  and  11  UTC.  The 
corresponding  manually  digitized  radar  summaries  (Figures  16  - 18)  show’ 
continued  convection  extending  from  central  Texas  to  the  northeast.  The 
thunderstorm  line  continues  to  move  east  through  Oklahoma,  and  the  area  of 
convection  expands  in  northeast  Texas  between  08  and  10  UTC.  Twenty-four 
hour  precipitation  accumulations  (Figure  19)  in  excess  of  .5 "  are  w’idespread 
across  northeast  Texas  and  southeast  Oklahoma,  with  several  sites  reporting  1"- 
2". 

The  verifying  upper  air  analysis  for  12  UTC  9  March  at  500  mb  (Figure  20) 
shows  northeast  Texas  under  the  right  entrance  region  of  the  jet  streak  w'ith 
positive  vorticity  advection  (PVA)  centered  over  DFW.  This  PVA  is  possibly 
responsible  for  the  moderate  rain  shower  at  DFW  at  11  UTC.  The  NGM  failed  to 
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forecast  the  PVA  (viz.  Figure  10),  and  thus  underforecast  the  large  scale  ascent 
and  resulting  precipitation. 


3.U.  Utility  of  the  Profiler  Data. 

The  profiler  data  in  this  case  provide  early  indications  of  the  NGM 
underforecasts  of  the  large  scale  ascent.  The  03  UTC  9  March  profiler  derived 
3000  m  winds  and  vertical  velocity  (Figure  21)  show  an  expansive  area  of 
upward  motion  of  >  10  cm/s  over  north  central  Texas,  which  corresponds  well  to 
the  position  of  the  thunderstorm  line  in  Figures  3  and  4.  A  vertical  cross  section 
to  the  northwest  of  DFW  (not  shown)  indicates  that  this  vertical  velocity  extends 
over  a  deep  layer.  Comparison  of  Figure  21  w*th  the  NGM  forecast  valid  3  hours 
later  suggests  that  the  NGM  forecast  implies  an  unreasonably  fast  weakening 
and  movement  to  the  east  of  this  area  of  a.scent.  Since  these  analyses  would  be 
available  around  the  same  time  as  the  00  UTC  NGM  guidance,  a  fc.-ecaster  could 
use  this  deviation  from  the  NGM  to  make  a  more  confident  forecast  of  showers 
and  thunderstorms  downstream  of  this  upward  motion.  The  06  UTC  profiler 
derived  3000  m  winds  and  vertical  velocity  in  Figure  22  confirms  this  deviation 
and  the  time-height  ctoss  section  of  winds  and  vertical  velocity  over  DFW  in 
Figure  23  continues  this  trend  through  12  UTC.  The  upward  motion  increases 
significantly  above  3000  m  after  10  UTC  as  the  right  entrance  region  of  the  5(X) 
mb  jet  streak  moves  over  DFW.  The  heavy  thunderstorm  at  DFW  occurs  during 
a  local  upward  motion  maximum  between  07  and  08  UTC  followed  by  a  second 
surge  in  upward  motion  preceding  a  brief  moderate  rain  shower  at  11  UTC 
(however,  there  is  no  rain  reported  at  03  UTC,  the  time  of  another  maximum  of 
upward  motion).  Plots  of  NGM  forecast  and  profiler  derived  low  (850  mb)  and 
upper  (300  mb)  level  convergence  valid  at  06  UTC  (not  shown)  generally  confirm 
the  conclusions  from  the  700  mb  vertical  velocity  plots:  the  NGM  forecasted  low 
level  divergence  and  upper  level  convergence,  whereas  the  profiler  analyses 
show  low  level  convergence  and  upper  level  divergence  over  northeast  Texas 
and  southeast  Oklahoma. 

The  vertical  velocity  displayed  in  Figure  23  can  be  compared  to  differential 
vorticity  advection  and  temperature  advection,  in  an  attempt  at  identifying  the 
quasi-geostrophic  dynamic  forcing  mechanisms.  Figure  24  shows  the  vorticity 
advection  in  the  same  display  as  vertical  velocity  in  Figure  23.  Interestingly, 
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ditfi'ri'ntial  NVA  is  apparent  over  DRV  between  00  and  10  UTC,  which 
contributes  to  sinking;  motion.  However,  winds  are  veering  with  height  at 
ni  and  bel»nv.  indicating  warm  advtvtion.  Plots  I'f  explicitly  calculated 
tenij'^'rature  advection  (not  shown)  generally  confirm  this  conclusion,  although 
they  tend  to  be  somewhat  mnsy.  The  differential  NVA  is  weakened  by  10  UTC, 
and  replaced  by  PVA  at  12  UTC;  this  is  accompanied  by  an  increase  in  the  large 
scale  ascent  at  .tiXlO  m  and  above,  possibly  contributing  to  the  moderate  rain 
shower  at  DFW  at  1 1  UTC.  As  was  discussed  earlier,  the  NGM  failed  to  forecast 
this  PVA 


In  siitnmary,  the  prt'filer  analyses  at  03  UTC  and  06  UTC  allow’  the  forecaster 
to  monitor  deviations  from  the  N(JM  and,  in  this  case,  increase  the  likelihiHid  of 
ci>n\  ivtion  and  heavier  than  forecasted  rainfall  for  northeast  Texas  and  southeast 
C>klahoma  for  the  period  06  UTC  to  12  UTC.  Comparistm  of  profiler  derived 
quantities  with  independent  observ  ations  indicate  a  gixxd  correspondence 
K'tween  analyzed  v3000  m  vertical  vekici'^  and  observed  convection  in  this  case. 
Analysis  of  dynamic  forcing  terms  show  low  level  warm  advection  to  be  the 
primarv’  driving  force  for  the  large  scale  .ascent  and  destabilization,  with  positive 
vorticity  advixtion  btwming  a  factor  at  the  end  of  the  forecast  periixl. 
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Figure  5:  850  mb  urathcr  map  and  height  analysis  (contours  labeled  in  dm)  for  00  UTC 
9  March  1992. 


F if^ure  6: 500  mb  uxather  map  and  height  analysis  for  00  UTC  9  March  1992. 
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Figure  7:  NGM  00  UTC  9  March  1992 forecast  of  6-hour  accumulated  precipitation 
(m).  valid  12  UTC  9  March  1992. 
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I  t^^urc  8:  XCM  (K)  UTC  9  March  1992  forecast  of  700  mb  I'crtical  tvlocilv  (lib/a,  or 
cm/s),  valid  06  UTC  9  March  1992.' 
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Figure  10;  NCM  00  UTC  9  March  1992 forecast  of 500  mb  height  (solid  lines)  and 
absolute  ivrticity  (JO'^s'f  dashed  lines),  valid  12  UTC  9  March  1992. 


Figure  11:  NGM  00  UTC  9  March  1992  forecast  of  surface  lifted  index,  valid  06  UTC  9 
March  1992. 


Figure  12:  NGM  00  UTC  9  March  1992 forecast  of  surface  lifted  index,  valid  12  UTC  9 
March  1992. 
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r»\,’i/ri’  13:  Surface  weather  map  and  <iea-leivl  pressure  analysis  for  06  UTC  9  March 
‘  1992. 
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F^djMrc  14:  Surface  weather  map  and  sea-level  pressure  analysis  for  09  UTC  9  March 
1992. 
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r i^urc  16:  MDR  summary  for  06  UTC  9  March  1992. 
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Figure  19:  Map  of24-hr  precipitation  ending  at  12  UTC  9  March  1992.  Only  values  in 
excess  of  .5  in  are  plotted. 


Figure  20: 500  mb  analysis  of  height  (solid  lines)  and  absolute  vorticity  (dashed  lines)  for 
12  UTC  9  March  1992. 
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300  UTC  03/09/92  3000  m  integroted  w.v. 


Figure  21:  Profiler-derived  analysis  of  winds  and  integrated  vertical  velocity  (cm/s)  at 
3000  m  for  03  UTC  9  March  1992. 


Figure  22:  Profiler-derived  analysis  of  winds  and  integrated  vertical  velocity  (cm/s)  at 
3000  m  for  06  UTC  9  March  1992. 


Figure  23:  Time-height  cross  section  of  profiter-derived  winds  and  integrated  vertical 
ivlocitif  (cm/s)  for  DFW  for  (X)-12  UTC  9  March  1992. 
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Figure  24:  Time-height  cross  section  of  profiler-derived  winds  and  vorticity  advection 
(10-9s-2)  for  DFW  for  00-12  UTC  9  March  1992. 


3.2.  July  26, 1992:  Missouri  mesoscaie  convective  complex 


A  mesoscaie  convective  complex  (MCC)  deposited  1-3"  of  rain  in  northwest 
Missouri  between  00  and  12  UTC  26  July  1992,  with  1"  falling  between  06  and  12 
UTC.  The  NGM  drastically  underforecast  the  amount  of  rainfall  between  06  and 
12  UTC.  A  convective  outbreak  also  resulted  in  T‘-3"  of  rain  in  Kansas  between  00 
and  12  UTC,  with  the  NGM  making  a  good  precipitation  forecast  between  06  and 
12  UTC.  The  forecast  problem  of  interest  in  this  case  is  the  period  between  06 
and  12  UTC,  for  Kansas  and  Missouri.  We  consider  nowcasts  made  with  data 
available  up  to  06  UTC. 


3.2.2.  Standard  Meteorological  Data  Available  Before  the  Storm. 

The  03  and  06  UTC  surface  maps  shown  in  Figures  25  and  26  show  a 
stationary'  front  through  central  Kansas  and  northwest  Missouri  with  a  weak  low 
along  the  central  Oklahoma-Kansas  border.  Winds  are  from  the  northwest  to  the 
north  of  this  fr ,  nt,  and  moist  southerly  winds  with  dewpoints  in  the  low  to  mid 
70's  are  overrurming  this  front  from  the  south  and  helping  to  produce 
thunderstorms  to  the  north.  The  03  UTC  manually  digitized  radar  summary 
(Figure  27)  shows  echoes  extending  from  eastern  Colorado  through  Kansas  to 
northwest  Missouri.  Level  5  echoes  exist  in  northwest  Missouri  and  level  6 
echoes  exist  in  western  Kansas.  By  06  UTC  (Figure  28),  convection  had  largely 
ceased  in  eastern  Colorado,  and  weakened  over  extreme  western  Kansas. 

Infrared  satellite  imagery  was  only  available  to  us  at  00  UTC  (Figure  29);  it  shows 
an  oval  cloud  mass  over  the  Missouri-Iowa  border  that  is  suggestive  of  an  MCC. 
Convective  clouds  are  also  evident  over  southeast  Colorado  and  western  Kansas. 

The  00  UTC  upper  air  maps  show  moist  southwesterly  flow  at  850  mb  (Figure 
30)  over  Kansas,  Oklahoma,  and  Missouri,  with  northerly  flow  to  the  north.  A 
weak  trough  is  over  the  Colorado-Kansas  border  at  700  mb  (Figure  31)  and  500 
mb  (not  shown),  causing  the  area  of  convection  there  visible  in  Figure  29.  Low 
level  convergence  is  apparent  in  Figure  30  over  Kansas  and  northwest  Missouri, 
contributing  to  upward  motion.  Upper  level  (200  mb,  not  shown)  divergence  is 
occurring  over  that  same  area. 

The  00  UTC  NGM  forecast  guidance  for  6  hour  precipitation  accumulations 
ending  at  12  UTC  (Figure  32)  shows  heavy  p  -cipitation  (up  to  1.02")  over 
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western  Kansas,  but  only  light  precipitation  (0.2"  and  less)  over  eastern  Kansas 
and  western  Missouri.  The  700  mb  vertical  velocity  forec*  *  .  J  at  06  UTC 

(Figure  33)  shows  upward  motion  in  eastern  Colorado  '  'ansas  in 

association  with  the  mid-level  trough,  and  sinking  mot;  stem  Kansas 

and  Missouri.  Over  the  next  6  hours,  the  maximum  vertir  .  :ity  is  predicted 
to  move  east  to  central  Kansas,  with  weak  ascent  replacing  descent  over  Missouri 

12  UTC  (Figure  34).  Forecasts  of  850  mb  and  200  mb  conveigence  for  06  UTC 
(not  shown)  reflect  this  pattern:  low  level  convergence  and  upper  level 
divergence  is  predicted  for  Kansas,  while  the  opposite  is  true  for  northwest 
Missouri.  The  forecast  for  the  Kansas  region  is  relatively  straightforward  in  this 
case;  both  the  NGM  forecast  guidance,  and  the  observations  of  ongoing 
convective  activity  available  at  06  UTC  indicate  the  likelihood  of  significant 
convective  rainfall  for  the  next  6  hours.  For  northwest  Missouri,  the  situation  is 
more  complicated:  while  the  NGM  guidance  suggests  little  or  no  precipitation 
over  this  region,  observations  of  convective  activity  over  the  previous  6  hours  are 
in  obvious  contradiction  to  the  forecast  guidance.  An  experienced  forecaster 
would  thus  likely  overrule  the  NGM  guidance  to  some  degree,  although  he  or 
she  might  expect  the  convection  to  decrease  in  response  to  the  predicted 
unfavorable  dynamic  forcing. 

3.2.2.  Information  Available  During  and  After  the  Storm. 

The  surface  front  remains  nearly  stationary  from  northern  Missouri  through 
southeast  Kansas  after  06  UTC,  as  does  a  weak  low  along  the  eastern  Oklahoma- 
Kansas  border.  Both  features  are  visible  in  Figure  35,  the  09  UTC  surface  map. 
Overrunning  continues  to  produce  thunderstorms  north  of  this  front  in  Kansas 
and  northwest  Missouri,  including  a  heavy  thunderstorm  at  Kansas  City  (MCI  - 
see  Figure  34  for  station  location)  at  08  UTC.  The  06-09  UTC  manually  digitized 
radar  summaries  show  decreasing  convective  activity  in  western  Kansas,  but 
continued  convection,  including  level  5  echoes,  in  central  and  eastern  Kansas, 
and  northwest  Missouri.  The  two  areas  of  thunderstorms  in  northwest  Missouri 
and  Kansas  have  merged  into  one  MCC  by  09  UTC  (Figure  36).  The  hourly 
observations  from  Kansas  City  show  thunderstorms  between  05  UTC  and  09 
UTC,  with  a  heavy  thunderstorm  at  08  UTC.  MCI  received  1.06"  of  rain  between 
06  and  12  UTC,  whereas  the  NGM  only  forecasted  .15".  Figure  37  shows  several 
sites  near  MCI  with  large  (1.5"  -  3.3")  24-hour  accumulations. 
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.^.2.3. 1'tility  of  the  Profiler  Data. 


Plots  ot  thi*  prt-<filiT  dorivcti  3(XX)  m  horizontal  winds  and  vertical  velocities  at 
03  L’TC  (not  shown)  and  On  UTC  (Figure  38)  show  weak  sinking  motion 
developing  over  western  Kansas,  and  upward  motion  intensifying  to  over  10 
cm/s  over  northwest  Misstiuri.  However,  the  data  coverage  of  the  eastern  part 
of  the  domain  is  insufficient  to  resolve  small-scale  features  of  the  flow  field. 
Ct>mparison  with  the  radar  summary  at  that  time  (Figure  28)  shows  a  gotxJ 
corn'spemdence  between  analyzed  upward  motion  and  convective  activity  over 
northeast  Kansas  and  northwest  Missouri,  but  in  western  Kansas  widespread 
level  2  and  3  tvhoes.  and  scattered  level  4  and  5  echoes,  exist  in  an  irea 
characterized  by  generally  downward  large  scale  motion  at  3(X)0  m.  While  it  is 
possible  that  the  prtifiler  derived  winds  may  have  been  influenced  by  echoes 
fri>m  rainfall  or  low  level  thunderstorm  outflow  (although  the  effect  of  this  is 
probably  quite  small,  since  profiler  winds  are  only  measured  above  0.5  km  AGL), 
a  nn're  likely  explanatitn  is  that  this  precipitation  is  not  linked  to  low-level 
ascent,  as  is  the  case  with  dissipating  convection.  In  any  case,  the  profiler  vertical 
vekKity  field  clearly  is  in  direct  contradiction  to  the  NGM  forecast  for  this  f>erii>d 
(Figure  33)  -  the  signs  of  predicted  and  analyzed  vertical  velocity  are  reversiM 
over  Kansas  and  Missouri.  A  forecaster  supplied  with  this  additional 
information  would  thus  be  more  confident  in  overriding  the  NGM  forecast 
guidance  in  the  forecast  for  northwest  Missouri,  and  call  for  significant 
C(mvectivo  activity.  Convection  in  eastern  Kansas  would  be  expected  to  diminish 
in  respon.se  to  the  large  scale  descent,  in  accordance  with  the  verifying 
observations  (viz.  Figure  36). 

Plots  of  profiler  derived  1500  m  (not  shown)  and  12,750  m  (Figure  39) 
horizontal  wind  and  convergence  analyses  at  06  UTC  show  the  strongest  low 
level  convergence  is  occurring  over  northw'cst  Missouri  beneath  upper  level 
divergence  and  very  little  convergence  is  txrcurring  over  western  Kansas  beneath 
strong  upper  level  thunderstorm  outflow.  Although  the  analyzed  upper  level 
divergence  may  seem  extreme,  it  is  clearly  supported  by  the  available  profiler 
t>bser\-ations  (Figure  40).  The  time  series  of  profiler  derived  winds  and 
convergena*  above  MCI  between  00  UTC  and  12  UTC  (Figure  41)  shows  low’- 
level  convergence  and  upper  level  divergence  throughout  the  entire  time  period. 
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with  tho  strongest  low  level  convergence  txrcurring  just  before  the  heavy 
thunderstorm  at  08  UTC. 

In  summan,',  profiler  derived  analyses  of  vertical  veliKity  leading  up  to  the 
forecast  pi'riixl  (On  UTC  - 12  UTC)  show  large  deviations  from  the  NGM 
guidance  over  eastern  Kansas  and  northwest  Missouri,  indicating  diminishing 
con\’ection  over  eastern  Kansas,  and  increasing  convection  over  northwest 
Missouri.  Although  an  experienced  forecaster  could  have  concluded  that  the 
NCiM  was  underforecasting  precipitation  in  Missouri  from  the  radar  and  surface 
observ  ation  leading  up  to  (V>  UTC,  the  profiler  data  would  have  served  to 
explain  the  observed  discrepancy  in  terms  of  the  underlying  large  scale  forcing, 
and  resulted  in  a  more  precise  and  confident  forecast. 
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FiyMrc  25:  Surface  xivather  map  and  sca-lcivl  pressure  analysts  for  03  UTC  26  July  1992. 
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Fissure  26:  Surf,ur  ur.Uht'r  map  anj  ^^ca-leivl  prcsinirc  analysis  for  06  UTC  26  Inly  1992. 
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r lyuro  27:  MDR  nummary  for  0.1  UTC  26  Julv  1992. 


Figure  33:  NCM  00  UTC  26  July  1992 forecast  of  700  mb  ivrtical  velocity  (fib/s,  or 
cm/s),  valid  06  UTC  26  July  1992. 
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Figure  36:  MDR  summary  for  09  UTC  26  July  1992. 
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Figure  37:  Map  of24-hr  precipitation  ending  at  12  UTC  26  July  1992.  Only  values  in 
excess  of  1.0  in  are  plotted. 
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Figure  39:  Profiler-derived  analysis  of  winds  and  horizontal  convergence  (in 
12750  m  for  06  UTC  26  July  1992. 


600  UTC  07/26/92  12750  m 

Figure  40:  Profiler  data  used  in  the  analysis  shown  in  Figure  39. 
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Figure  41:  Time-height  cross  section  of  profiler-derived  winds  and  horizontal  convergence 
(in  10h-i)for  MCI  for  00-12  UTC  26  July  1992. 
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3.3.  August  4, 1992:  Oklahoma  mesoscale  convective  complex 

Benvecn  00  and  12  UTC  4  August  1992,  a  mesoscale  convective  complex 
(MCC)  produced  up  to  5"  of  rain  in  north  central  Oklahoma.  The  00  UTC  NGM 
correctly  forecasted  the  location  of  the  maximum  precipitation  between  06  and  12 
UTC,  but  drastically  underforecast  the  amount.  We  examine  the  utility  of 
profiler  data  for  forecasts  for  the  period  06  UTC  to  12  UTC,  issued  at  03  UTC 
(short-term  forecast)  and  06  UTC  (nowcast). 


3.3.1.  Standard  Meteorological  Data  Available  Before  the  Storm. 

The  03  UTC  surface  map  in  Figure  42  shows  a  cold  front  through  central 
Oklahoma,  which  is  moving  slowly  to  the  south.  Moist  air  from  the  Gulf  of 
Mexico  is  overrunning  this  front  and  producing  clouds  to  the  north.  Scattered 
showers  and  thunderstorms  are  occurring  in  eastern  Colorado  and  western 
Kansas.  The  03  UTC  manually  digitized  radar  summary  (Figure  43)  shows 
strong  thunderstorms  (level  6  echoes)  in  southeast  Colorado  and  western  Kansas, 
and  a  level  5  echo  at  the  Kansas/Oklahoma  border.  Figure  44  shows  the  0330 
UTC  infrared  satellite  image.  Skies  are  mostly  clear  in  Oklahoma  while 
convective  clouds  are  evident  in  western  Kansas  and  eastern  Colorado. 

The  00  UTC  upper  air  maps  show  a  moist  southerly  flow  at  850  mb  (Figure 
45)  and  a  dr>’  northwesterly  flow  at  700  mb  (Figure  46),  producing  potential 
instability  over  Oklahoma.  The  rawinsonde  report  from  Amarillo,  TX  (AMA) 
indicates  a  jet  streak  over  the  Texas  panhandle  at  200  mb  (not  shown),  which 
places  Oklahoma  in  the  left  exit  region  of  the  jet,  a  region  where  upper  level 
divergence  induces  upward  motion  and  potential  instability  can  be  realized.  The 
Norman,  OK  (OUN)  sounding  at  00  UTC  indicates  fairly  light  winds  throughout 
the  troposphere,  and  a  moist  layer  (16  g/kg)  under  a  capping  inversion  and  dry 
layer  at  800  mb,  w'ith  a  lifted  index  of  approximately  -5°  -  all  conditions  favorable 
for  significant  convective  precipitation,  provided  the  capping  inversion  can  be 
penetrated. 

The  00  UTC  NGM  forecast  guidance  for  6  hour  precipitation  accumulations 
ending  at  12  UTC  (Figure  47)  indicate  maximum  precipitation  of  slightly  over  .5" 
centered  over  north  central  Oklahoma.  The  700  mb  vertical.velocity  forecasts 
valid  at  06  UTC  (Figure  48)  and  12  UTC  (Figure  49)  show  the  maximum  vertical 
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velocity  increasing  from  5  cm/s  to  over  7.5  cm/s  as  it  moves  east  from  the 
Oklahoma  panhandle  to  north  central  Oklahoma.  The  500  mb  forecast  maps  for 
those  times  (not  shown)  show  a  weak  500  mb  short  wave  trough  and  associated 
vorticity  maximum  approaching  north  central  Oklahoma  from  the  northwest. 


Surface  maps  and  radar  summaries  between  03  UTC  and  06  UTC  (Figures  50 
and  51)  show  further  southward  movement  of  the  approaching  cold  front, 
decreasing  convective  activity  in  eastern  Colorado,  and  increasing  convection  in 
southern  Kansas  and  northern  Oklahoma.  Level  5  and  6  echoes  indicate  the 
presence  of  heavy  thunderstorms  in  southwestern  Kansas  and  northern 
Oklahoma.  A  short-term  forecast  issued  with  data  and  guidance  available  at  03 
UTC  would  most  likely  follow  the  NGM  guidance:  a  strong  likelihood  of 
convection  in  north  central  Oklahoma,  with  little  reason  to  expect  a  large 
deviation  from  the  forecasted  precipitation  amounts,  aside  from  locally  heavy 
storms.  At  06  UTC,  the  large  number  of  strong  echoes  at  the  Kansas/Oklahoma 
border  would  cause  a  forecaster  to  revise  the  predicted  precipitation  amount 
upward. 

3.3.2.  Information  Available  During  and  After  the  Storm. 

After  06  UTC,  the  cold  front  continues  to  move  slowly  to  the  south  through 
central  Oklahoma  with  overrunning  moist  air  from  the  south  continuing  to  feed 
thunderstorms  to  the  north  (see  the  surface  map  at  10  UTC  m  Figure  52). 
Thunderstorms  are  increasing  with  time  over  northern  Oklahoma  with  heavy 
thunderstorms  occurring  over  Tulsa  (TUL)  at  10  UTC  and  Oklahoma  City  (OKC) 
at  1 1  UTC  (see  Figure  52  for  station  locations).  The  manually  digitized  radar 
summaries  (see  Figure  53  for  10  UTC)  show  the  thunderstorms  in  southern 
Kansas  and  northern  Oklahoma  developing  the  characteristic  oval  shape  of  an 
MCC  and  moving  slowly  to  the  east.  The  heaviest  thunderstorms  associated 
with  level  6  echoes  occur  in  north  central  Oklahoma  between  06  and  08  UTC. 

The  1030  UTC  infrared  satellite  image  in  Figure  54  shows  the  oval  shape  in  the 
MCC  cloud  mass  over  Oklahoma.  The  24-hr  accumulations  shown  in  Figure  55 
are  in  excess  of  3"  in  several  locations  in  north-central  Oklahoma  and  south- 
central  Kansas,  with  one  report  of  5.2",  in  a  wide-spread  area  of  amounts  over  1". 
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33.3.  Utility  of  the  Profiler  Data. 

Figures  56  and  57  show  the  03  and  06  UTC  profiler  derived  3000  m  horizontal 
winds  and  vertical  velocities.  At  03  UTC,  weak  upward  motion  is  analyzed  over 
central  and  eastern  Oklahoma,  with  sinking  motion  over  the  then  active  area  of 
convection  in  eastern  Colorado  and  Kansas.  However,  because  of  missing  winds 
in  the  Texas  panhandle  and  over  New  Mexico,  the  analyzed  convergence  and 
vertical  velocity  to  the  east  of  the  inner  network  are  unreliable  for  this  case.  At  06 
UTC,  analyzed  vertical  velocities  are  roughly  twice  the  predicted  (2  cm/s  vs.  4-5 
cm/s,  viz.  Figure  43)  over  north  central  Oklahoma.  This  discrepancy  indicates 
the  potential  for  greater  than  forecasted  precipitation,  but  by  itself  would  not 
support  deviating  by  3"-5 "  from  the  forecast  guidance.  Likewise,  the  low  level 
(850  mb)  convergence  at  06  UTC  is  approximately  twice  what  the  NGM 
predicted  for  that  time  (not  shown).  Since  this  convergence  is  occurring  in  a  very 
moist  air  mass  (surface  dewpoints  in  the  70s),  th»s  convergence  is  related  to 
precipitation  amounts  both  because  of  the  forcing  of  thunderstorms  through 
large-scale  ascent,  and  because  of  the  supply  of  low-level  moisture  it  represents. 

The  time-height  cross  section  of  profiler  derived  horizontal  winds  and 
convergence  over  Enid,  OK  (END)  in  Figure  58  shows  the  maximum  low  level 
convergence  (and,  consequently,  upward  motion)  occurring  during  the  heaviest 
thunderstorm  activity  around  08  UTC.  The  cross  section  also  reveals  passage  of 
an  upper  level  jet  streak,  and  upper  level  divergence  maximum,  at  and  after  08 
UTC. 

In  summary,  neither  the  conventional  observations  nor  the  profiler  analyses 
available  at  03  UTC  would  cause  a  forecaster  to  significantly  increase  the  NGM 
forecasted  precipitation  amount  for  north  central  Oklahoma.  By  06  UTC,  radar 
information  indicated  intense  convection  starting  in  Oklahoma,  and  profiler 
derived  analyses  of  low  level  convergence  and  upward  motion  indicated  an 
underforecast  by  a  factor  of  approximately  two.  The  profiler  data  thus  amplify 
and  confirm  the  indications  from  the  radar  data,  and  motivate  a  forecaster  to 
predict  more  rain  than  the  NGM  did.  It  is  doubtful,  however,  that  even  with  this 
additional  information  the  extreme  accumulations  of  3"-5"  would  have  been 
predicted  in  this  case. 
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Figure  46:  700  mb  uvather  map  and  height  analysis  for  00  UTC  4  August  1992 


Fif^ure  48:  NGM  00  UTC  4  Auj^ust  1992 forecast  of  700  mb  ivrtical  velocity  (^b/s,  or 
cm/s),  mlid  06  UTC  4  August  1992. 
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Figure  49:  NGM  00  UTC  4  August  1992 forecast  of 700  mb  ivrtical  ivlocity  (fib/s,  or 
cm/s),  valid  12  UTC  4  August  1992. 


Figure  50:  Surface  weather  map  and  seadavl  pressure  analysis  for  05  UTC  4  Aw^ust 
1992. 
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Figure  51:  MDR  summary  for  06  UTC  4  August  1992. 
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Figure  52:  Surface  weather  map  and  sca-leivl  pressure  analysis  for  10  UTC  4  Auoust 
1992. 
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3.4.  October  7. 1992:  Kansas  frontal  rain  event 

Between  18  UTC  7  October  1992  and  12  UTC  8  October  1992  2  -4"  of  rain  fell 
on  north  central  Kansas  in  association  with  an  intensifying  low  pressure  system. 
The  NGM  forecast  guidance  for  this  area  called  for  l  "-2"  of  rain  between  12  UTC 
7  October  and  00  UTC  8  October,  but  with  a  timing  error  it  predicted  roughly 
equal  amounts  for  the  6-hour  periods  ending  at  18  UTC  and  00  UTC,  whereas  no 
rain  was  obser\’ed  before  18  UTC,  and  more  rain  than  predicted  was  observed 
between  18  UTC  and  00  UTC.  The  reasons  for  this  forecast  error  are  examined  in 
the  following,  and  the  role  of  profiler  data  in  its  early  identification  are 
demonstrated. 


3.4.1.  Standard  Meteorological  Data  Available  Before  the  Storm. 

The  surface  maps  at  12  UTC  (Figure  59)  and  18  UTC  (Figure  60)  show  a  low 
pressure  center  moving  from  the  Texas  panhandle  to  south  central  Kansas  along 
a  strong  baroclinic  zone.  Overrunning  air  from  the  south  is  leading  to  moderate 
rain  and  thunderstorms  to  the  north  of  the  low  in  northwest  Kansas.  The  13  UTC 
(Figure  61)  and  18  UTC  (Figure  62)  manually  digitized  radar  summaries  show  a 
weakening  area  of  rainfall  in  western  Kansas.  The  rainfall  is  making  slow 
progress  into  eastern  Kansas. 

The  12  UTC  upper  air  maps  show  a  closed  circulation  at  850  mb  (Figure  66), 
and  a  trough  tilting  westward  with  height  at  700  mb,  500  mb  (Figure  67),  and  300 
mb.  The  winds  at  700  to  300  mb  are  strongest  behind  the  trough,  indicating  the 
potential  for  further  deepening.  Significant  upper  level  diffluence  is  occurring 
over  eastern  Kansas  ahead  of  this  digging  trough,  contributing  to  upward 
motion.  A  possible  low  level  nocturnal  jet  exists  over  the  Texas  panhandle,  but 
the  air  is  relatively  dry.  However,  Gulf  of  Mexico  air  should  eventually  be 
tapped  as  the  trough  moves  east. 

The  12  UTC  NGM  6  hour  precipitation  forecasts  valid  18  and  00  UTC, 
respectively,  are  shown  in  Figures  65  -  66.  The  NGM  forecasts  .5-1"  of  rain  for 
north  central  Kansas  between  12-18  UTC  and  18-00  UTC.  Precipitation  maxima 
move  northeastward,  with  the  largest  precipitation  confined  to  the  northeast 
comer  of  Kansas  for  the  period  ending  at  00  UTC.  This  trend  is  also  reflected  in 
the  NGM  6  and  12  hour  forecasts  of  700  mb  vertical  velocity,  valid  at  18  UTC 
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(Figure  67)  and  (X)  UTC  (Figure  68),  which  show  the  maximum  upward  motion 
persisting  over  north  central  Kansas  between  12  and  00  UTC,  whereas  weak 
ascent  in  western  Kansas  is  being  replaced  by  descent  by  00  UTC.  The 
corresponding  500  mb  forecasts  of  height  and  absolute  vorticity  are  shown  in 
Figures  69  and  70.  At  850  mb  (not  shown),  warm  (cold)  advection  is  forecasted  to 
occur  in  eastern  (western)  Kansas  at  18  UTC,  being  replaced  by  cold  advection 
over  the  entire  state  by  00  UTC. 

3.4.2.  Information  Available  During  and  After  the  Storm. 

The  verifying  surface  maps  for  the  period  between  18  UTC  and  00  UTC  show 
a  continued  northeast  movement  of  the  low,  with  rain  occurring  over  much  of 
eastern  and  north  central  Kansas  by  23  UTC  (Figure  71).  The  most  intense 
rainfall  evident  in  the  manually  digitized  radar  summaries  occurs  in  eastern 
Oklahoma  and  southeast  Kansas,  though  level  4  echoes  are  evident  in  central  and 
northeast  Kansas  by  23  UTC  (Figure  72).  Salina,  KS  (SLN  -  see  Figure  71  for 
station  location)  reported  no  rainfall  before  18  UTC  (compared  to  an  NGM 
forecast  of  .9 "),  followed  by  light  rain  giving  way  to  thunderstorms  by  21  UTC; 
2.01 "  fell  between  18  and  00  UTC,  compared  to  an  NGM  forecast  of  .7*.  Thus,  the 
NGM  overforecast  the  precipitation  at  Salina  before  18  UTC,  and 
underforecasted  between  18  UTC  and  00  UTC. 

The  verifying  00  UTC  500  mb  analysis  of  height  and  vorticity  (Figure  73) 
shows  stronger  than  forecasted  PVA  over  north  central  Kansas,  which  is 
consistent  with  the  heavier  than  forecasted  rainfall  in  this  area  between  18  and  00 
UTC. 


3.4.3.  Utility  of  the  Profiler  Data. 

The  18  UTC  profiler  derived  3000  m  horizontal  winds  and  vertical  velocities 
shown  in  Figure  74  indicates  that  the  maximum  upward  motion  is  over  central 
Kansas/Nebraska,  to  the  northwest  of  the  NGM  forecast  position  (Figure  67). 
This  is  consistent  with  the  radar  summaries.  A  number  of  profiler  sites  were 
unavailable  for  this  analysis,  but  the  area  of  low-level  convergence  and  resulting 
upward  motion  over  central  Kansas  is  well  supported  by  the  available 
observations  (Figure  75).  The  18  UTC  5500  m  horizontal  winds  and  absolute 
vorticity  (Figure  76)  shows  the  maximum  PVA,  the  primary  forcing  mechanism 
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for  the  upward  motion  in  this  case,  to  the  west  of  the  NGM  forecast  position 
(Figure  69).  Another  interesting  feature  in  Figure  76  is  the  jet  streak  over  the 
Texas  panhandle  and  southwest  Oklahoma.  The  northeastward  progression  of 
this  jet  streak  can  be  seen  in  the  hourly  sequence  of  5500  m  analyses  of  wind 
speed  shown  in  Figures  77-79.  The  corresponding  plot  of  profiler  observations 
at  20  UTC  (Figure  80)  clearly  shows  this  jet  streak  in  the  inner  network  over 
central  Oklahoma;  comparison  with  the  analysis  shows  the  smoothing  effect  of 
the  analysis  over  that  area.  The  southward  extension  of  the  jet  streak  into  Texas 
must  be  regarded  with  caution,  since  no  profiler  obserx'ations  w-ere  available 
over  that  area  at  that  time. 


In  summary,  the  NGM  w'as  too  fast  in  moving  the  upward  motion  and 
associated  rainfall  into  eastern  Kansas,  resulting  in  an  ovcrprediction  for  north 
central  Kansas  for  the  period  ending  at  18  UTC,  and  an  underprediction  for  the 
following  6  hours.  The  00  UTC  verifying  500  mb  maps  show  that  this  is  related 
to  the  placement  of  the  maximum  positive  vorticit}'  advection.  Both  these 
forecast  errors  are  clearly  evident  in  the  profiler  derived  analyses  at  18  UTC, 
allowing  forecasters  to  issue  a  corrected  nowcast  at  that  time.  The  profiler 
analyses  at  earlier  times  (not  shown)  would  possibly  allow  a  arlier  detection  of 
this  trend,  but  this  is  hard  to  assess  without  side-by-side  comparisons  of  forecasts 
and  analyses. 
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Figure  59:  Surface  weather  map  and  sea-level  pressure  analysis  for  12  UTC  7  October 
1992. 


Figure  60:  Surface  weather  map  and  sea-level  pressure  analysis  for  18  UTC  7  October 
1992. 
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Figure  61:  MDR  summary  for  13  UTC  7  October  1992. 
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Figure  62:  MDR  summary  for  18  UTC  7  Octobe"  1992. 
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F i^^ure  63.  850  nth  uvathcr  map  and  hetj^ht  analysis  for  12  L/TC  7  October  1992. 
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r i^ure  64: 500  mb  urather  map  and  ltc{^hl  analysts  for  12  UTC  7  October  1992. 
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Ff^urc  65.  NGM  12  UTC  7  October  1992 forecast  of  6-hour  accumulated  precipitation 
‘  valid  18  UTC  7  October  1992. 


Figure  66:  NGM  12  UTC  7  October  1992 forecast  of  6-hour  accumulated  precipitation. 
‘  valid  00  UTC  8  October  1992. 
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Fis'urc  69:  NGM  12  UTC  7  October  1992 forecast  of 500  mh  !,ci}(ht  (solid  lines)  and 
absolute  ivrticity  (dashed  lines).  t<alid  IS  UTC  7  Octutcr  1992. 
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Figure  70:  NGM  12  UTC  7  October  1992 forecast  of 500  mb  hei^^ht  (solid  lines)  and 
absolute  ivrticity  (dashed  lines),  wlid  00  UTC  8  Octobr"  1992. 


59 


Figure  71:  Surface  urathcr  map  and  sca-letrl  prei^surc  analysis  for  2^  UTC  7  October 
1992. 
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F  i^ure  72:  MDR  summary  for  2.3  UTC  7  October  1992. 


60 


Figure  73: 500  mh  analysis  of  height  (solid  lines)  and  absolute  i>orticity  (dashed  lines)  for 
00  UTC  8  October  1992. 


1800  UTC  10/07/92  1500  m 


Figure  75:  Profiler  observations  used  in  the  analysis  of  winds  at  1500  m  hr  18  UTC  7 
October  1992. 


Figure  76:  Profiler-derived  analysis  of  winds  and  absolute  vorticity  flO-Sj-I;  at  5500  m 
for  18  UTC  7  October  1992. 
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Figure  77:  Profiler-derived  analysis  of  winds  and  wind  speed  (kts)  at  5500  m  for  18  UTC 
7  October  1992. 
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Figure  78:  Profiler-derived  analysis  of  winds  and  wind  speed  (kts)  at  5500  m  for  19  UTC 
7  October  1992. 
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Fi'eure  7$:  Profiler-derived  analysis  of  winds  and  wind  speed  (kts)  at  5500  mfor  20  UTC 
7  October  1992. 


Figure  80:  Profiler  observations  used  in  the  analysis  of  winds  at  5500  mfor  20  UTC  7 
October  1992. 
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3.5.  November  24, 1992:  Kansas/Oklahoma  snowstorm 

A  low  moving  east  from  the  southern  Rockies  created  blizzard  conditions  in 
southwest  Kansas  between  12  UTC  24  November  and  12  UTC  25  November  1992. 
Garden  City,  KS  (GCK  -  see  Figure  81  for  station  location)  received  more  than  12" 
of  snow,  with  the  majority  falling  between  18  and  00  UTC.  Snowfall  totals  of  12"- 
19"  were  reported  over  the  Oklahoma  panhandle  and  southwest  Kansas.  The 
storm  occurred  during  the  heavily  traveled  two  days  before  Thanksgiving,  so  an 
accurate  forecast  of  this  event  was  important.  The  6-12  hour  NGM  guidance 
failed  to  forecast  the  intensity  of  the  precipitation  between  18  and  00  UTC. 

Profiler  data  and  profiler  derived  quantities  are  used  to  identify  the  NGM 
forecast  errors,  and  to  offset  the  inaccurate  model  guidance. 

3.5.1.  Standard  Meteorological  Data  Available  Before  the  Storm. 

The  12  UTC  and  15  UTC  24  November  surface  maps  (Figures  81  -  92)  show  a 
surface  low  in  north  central  Texas  with  light  rain  falling  in  the  east  Texas 
panhandle,  western  Oklahoma,  and  central  Kansas.  Light  snow  is  falling  from 
the  west  Texas  panhandle  to  western  Kansas.  Moderate  to  strong  northerly 
winds  are  causing  blowing  snow.  The  15  UTC  24  November  manually  digitized 
radar  summaries  (Figure  83)  show  level  1-2  echoes  in  southwest  Kansas  and  the 
Texas-Oklahoma  panhandle.  The  level  2  echoes  decrease  between  12  UTC  and 
15  UTC  in  the  Texas  panhandle  while  showing  a  slight  increase  in  southwest 
Kansas. 

The  12  UTC  24  November  upper  air  maps  show  a  closed  circulation 
extending  from  850  mb  (Figure  84)  to  500  mb  (Figure  85).  The  center  of 
circulation  slopes  to  the  northwest  with  height,  and  winds  at  500  mb  (and  300 
mb,  not  shown)  are  strongest  behind  the  trough,  both  indications  of  a  deepening 
system.  Significant  500-300  mb  diffluence  is  occurring  over  southwest  Kansas 
and  the  Texas-Oklahoma  panhandle  ahead  of  this  digging  trough,  helping  to 
induce  upward  motion  and  increase  the  precipitation  intensity  in  southwest 
Kansas.  The  moist  layer  above  the  Texas  panhandle  is  deeper  (850-500  mb)  than 
that  over  southwest  Kansas  (850-700  mb),  consistent  with  rhe  greater  number  of 
level  2  radar  echoes  observed  in  the  former.  However,  moist  advection  between 
850  and  500  mb  over  southwest  Kansas  is  deepening  their  moist  layer  with  time. 


65 


and,  in  concert  with  the  upper  level  diffluence,  leads  to  the  observed 
intensification  of  precipitation  over  southwest  Kansas. 

The  12  UTC  24  November  500  mb  NGM  forecast  of  precipitation  for  the 
period  18  UTC  -  00  UTC  is  shown  in  Figure  86.  The  NGM  forecast  the  largest 
precipitation  amounts  for  north  central  Oklahoma,  and  only  .35 "  of  liquid  for 
GCK  between  18  and  00.  The  700  mb  vertical  velocity  (Figures  87  -  88)  is  forecast 
to  be  strongest  just  to  the  east  of  the  Texas/Oklahoma  panhandle  area  for  the 
entire  12-hour  period  between  12  UTC  and  00  UTC.  The  500  mb  forecast  maps 
(Figures  89  -  90)  show  this  upward  motion  to  be  collocated  with  the  maximum 
positive  vorticity  advection  at  that  level.  The  850  mb  temperature  forecasts  (not 
shown)  are  below  0"  C  and  thus  indicate  snow  for  GCK,  so  a  forecast  of  4"  of 
snow  (assuming  a  ratio  of  1;10)  is  indicated  by  the  NGM  between  18  and  00  UTC. 

3.5.2.  Information  Available  During  and  After  the  Storm. 

The  surface  maps  between  18  UTC  (Figure  91)  24  November  and  00  UTC  25 
November  (Figure  92)  show  light  to  moderate  snowfall  in  northwest  Oklahoma 
and  moderate  to  heavy  snowfall  in  southwest  Kansas  as  the  surface  low  moves 
through  central  Oklahoma.  Moderate  to  strong  northerly  winds  are  reducing 
visibility  with  blowing  snow.  The  manually  digitized  radar  summaries  over  this 
period  (Figures  93-94)  show  level  2  echoes  dissipating  in  southwest  Kansas  and 
the  Oklahoma-Texas  panhandle.  Level  1  echoes  are  decreasing  with  time  in  the 
Oklahoma-Texas  panhandle,  perhaps  due  to  radar  insensitivity  to  snow  or 
overshooting  of  the  radar  beam.  GCK  reported  12"  of  snow  on  the  ground  at  03 
UTC  25  November,  with  only  2"  at  12  UTC  the  day  before;  the  heaviest  snow 
occurred  between  18  UTC  and  03  UTC  with  continuous  moderate  or  heavy  snow. 
Based  on  the  snowfall  intensity,  a  rough  estimate  for  the  precipitation  between  18 
and  00  UTC  is  8"  of  snow,  or  about  .6”  of  liquid,  .25"  more  than  forecast  by  the- 
NGM.  Even  more  impressive  snowfall  totals  were  reported  (Weygandt,  personal 
communication)  over  a  number  of  locations  over  the  Oklahoma  panhandle  (12"  - 
19"  in  most  locations)  and  extreme  southwest  Kansas  (13"-15"). 

3.5.3.  Utility  of  the  Profiler  Data. 

Figure  95  shows  the  18  UTC  24  November  3000  m  profiler  derived  winds  and 
vertical  velocities,  and  Figure  96  the  corresponding  5500  m  profiler  derived 
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winds  and  vorticit) .  The  NGM  upw’ard  motion  maximum  is  located  over 
northwest  Oklahoma  while  the  profiler  derived  upward  motion  maximum  is 
located  over  the  northwest  Texas  panhandle.  Stronger  than  forecast  upward 
motK>n  is  occurring  over  GCK,  giving  a  forecaster  reason  to  believe  the  NGM  is 
underforecasting  the  amount  of  precipitation  for  GCK  between  18  and  00  UTC. 
Subsequent  profiler  analyses  (not  shown)  indicate  that  this  stronger  than 
fi>recasted  upward  motion  continues  through  00  UTC.  Cr.mparison  of  the 
observed  500  mb  flow  in  Figure  %  with  the  NGM  forecast  (Figure  89)  shows  a 
more  pronounced  trough  to  the  south  of  the  Texas  panhandle,  resulting  in 
vorticity  contours  that  are  more  perpendicular  to  the  wind  flow  in  southwest 
Kansas  than  forecasted,  resulting  in  greater  cross  contour  flow  and  positive 
vorticity  advection.  This  greater  PVA  explains  the  greater  upward  motion  and 
intensified  sno\  -all  in  southwest  Kansas  between  18  and  00  UTC. 

The  anaivsis  of  this  case  provided  an  interesting  illustration  of  the  limitations 
of  the  analysis  technique,  and  its  potential  pitfalls;  the  18  UTC  profiler  analysis  at 
5500  m  turned  out  to  be  very  sensitive  to  the  buddy-check  procedure  over  west 
Texas.  Shown  in  Figure  97  is  the  profiler  analysis  obtained  from  an  analysis  cycle 
that  was  started  at  12  UTC,  which  is  in  striking  contrast  to  the  analysis  obtained 
from  a  cycle  started  at  14  UTC  (shown  in  Figure  96).  The  raw  profiler  winds 
shown  in  Figure  98  dearly  indicate  that  the  analysis  in  Figure  96  is  in  better 
agreement  with  the  observations.  The  reason  for  this  discrepancy  lies  in  the  fact 
that  the  raw  profiler  winds  over  jayton,  TX  (|TN  -  see  Figure  1  for  the  station 
location)  shifted  from  the  south-southwest  to  westerly  between  12  UTC  and  14 
UTC.  Since  no  buddy-checking  is  performed  at  the  first  analysis  time  in  a  cycle, 
starting  the  analysis  at  14  UTC  led  to  an  analysis  and  subsequent  first  guess  with 
westerly  winds  over  JTN,  whereas  the  12  UTC  analysis  cycle  flagged  JTN  as 
suspect  because  of  the  disagreement  with  the  first  guess  southerly  winds,  and 
rejected  it  because  of  the  lack  of  verifying  "buddies "  (nearby  observations  in 
agreement).  This  example  underscores  the  importance  of  comparing  the  profiler 
derived  analyses  with  the  supporting  observ'ations,  and  indicates  the  potential 
for  further  refinements  in  the  buddy-check  procedure. 

In  summary,  the  NGM  6-12  hour  forecast  of  an  intensifying  low  over 
Texas/Oklahoma  placed  the  maximum  upward  motion  at  700  mb  too  far  to  the 
south  and  east,  resulting  in  an  underforecast  of  precipitation  over  southwest 
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Kansas  and  the  Texas/ Oklahoma  panhandle,  which  experienced  blizzard 
conditions  because  of  heavy  snowfalls  and  strong  winds.  This  forecast  error  was 
related  to  errors  in  the  vorticity  advection  pattern  at  500  mb.  The  18  UTC  profiler 
derived  analyses  for  the  700  mb  vertical  velocity,  and  500  mb  vorticity,  allow’ 
identification  of  these  errors,  and  would  help  to  issue  an  improved  forecast  at 
that  time.  This  case  also  provided  an  example  of  erroneous  rejection  of  good 
data  by  the  buddy  check  procedure,  due  to  shifting  winds  at  a  profiler  station 
near  the  edge  of  the  network. 


Figure  81:  Surface  weather  map  and  sea-level  pressure  analysis  for  12  UTC  24  November 
1992. 
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Ft;^un'  82:  Surface  :i-ealhcr  map  and  sea-level  pressure  analysis  for  15  UTC  24  \’oventber 
1992.  , 
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r /yurt’  i?3;  MDR  summary  for  15  UTC  24  November  1992. 


69 


Fif^uu'  S4:  S50  wb  uvathcr  may  and  height  analusii^  for  12  UTC  24  Koivmber  1992. 


r i<^ure  S.r  500  mb  uvathcr  map  and  hetj^ht  an.Wysis  for  12  UTC  24  Xptrmfvr  1992. 
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Ft^^urc  S6:  \GAf  12  UTC  24  Notvmhcr  1992  forecast  of  6-hour  accumulated 
prcafutatiott,  valid  (Xl  UTC  25  SoiYmher  1992. 


»  .  c» 


Fi^iure  87:  KGM  12  UTC  24  Noirmher  1992  forecast  of  700  mb  irrUcal  velocitit  (10' 
^fjb/s.  or  mm/s).  iHilid  18  UTC  24  Koirmher  1992. 
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Figure  Sa.  NCM  12  UTC  24  Noxvmbcr  1992  forecast  of7(X)  mb  ivrtical  ivlocity  (10- 
^^tb/s.  or  mm/s),  valid  (X)  UTC  25  Noz'cmbcr  1992. 


Fij^ure  89:  SGM  12  UTC  24  Noi'cmbcr  1992  forecast  of 500  mb  luu^/il  and  absolute 
tvrliaty,  ivlid  18  UTC  24  November  1992. 
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r i}(ure  91:  Surface  uxather  map  and  sea-leivl  pressure  analysis  for  18  UTC  24  Noivnibcr 
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Ft<^urc  92:  Surface  uvatlier  map  ami  ^ea-leivl  pressure  analysis  for  00  UTC  25  Nox'cmher 
'  1992. 
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r/x’urr  9.1  MDR  summary  for  18  UTC  24  Moirmber  1992. 
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Fi}^urc  94:  MDR  summary  for  00  UTC  25  Nozvmber  1992. 


■aoo  UTC  11/2^/92  5i00  fn  obsoMe  vort 


Fij^urc  96:  Profiler-derived  analysis  of  tvinds  and  absolute  wrticity  (in  lO  h  llat  5500 
for  18  UTC  24  Notvmber  1992.  Analysis  cycle  started  at  14  UTC. 


'8:c  UTC  n/24/92  5500  nr> 

Figure  98:  Profiler  data  used  in  the  analysis  shown  in  Figures  96  and  97. 

3.6.  November  25, 1992:  Iowa  snowstorm 

Betiv-een  12  UTC  25  November  and  00  UTC  26  November  1992,  the  same 
storm  that  led  to  blizzard  conditions  in  the  Kansas /Oklahoma  region  the  day 
before  caused  moderate  to  heavy  snowfall  across  a  narrow  corridor  from 
southwest  to  northeast  Iowa,  including  Des  Moines  (DSM  -  see  Figure  99  for 
station  location).  Because  this  snowstorm  corresponded  with  the  heavily 
traveled  Thanksgiving  Eve  time  period,  a  reliable  forecast  of  this  t\'pe  of  event 
would  be  useful  to  the  general  public.  However,  the  6-12  hour  model  guidance 
failed  to  forecast  the  intensity  and  duration  of  this  localized  snow  event.  The 
utility  of  wind  profiler  data  in  improving  the  6-12  hour  forecast,  particularly  for 
the  period  18  UTC  to  00  UTC,  is  demonstrated  in  this  case. 

3.6.1.  Standard  Meteorological  Data  Available  Before  the  Storm. 

The  12  UTC  25  November  surface  map  (Figure  99)  shows  an  elongated 
surface  low  in  northeast  Oklahoma  and  southwest  Missouri.  Light  to  moderate 
snow  is  falling  in  southwest  Iowa  with  light  snow  falling  to  the  west  and  light 
rain  and  drizzle  to  the  south.  The  12  UTC  25  November  manually  digitized 
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rain  and  drizzle  to  the  south.  The  12  UTC  25  November  manually  digitized 
radar  summary  (Figure  1(X))  shows  an  area  of  level  2  echoes  over  south  central 
Iowa.  At  15  UTC  (not  shown),  moderate  snow'  is  reported  at  DSM,  and  there  are 
some  level  2-3  echix's  with  cloud  top  reports  of  19,000  and  20,000  feet  in 
northwest  Missouri  which  appear  to  be  moving  toward  south  central  Iowa. 

The  12  UTC  25  November  upper  air  maps  show  a  deep  moist  layer  from  850 
mb  (Figure  101)  to  500  mb  (Figure  102)  over  eastern  Kansas  and  eastern 
Nebraska,  with  a  noticeable  700  mb  dry  surge  over  southwest  Missouri.  An  850- 
300  mb  closed  circulation  exists  over  the  eastern  Kansas-Oklahoma  border  with 
500-300  mb  diffluence  helping  to  produce  upward  motion  over  Missouri  and 
Iowa  The  NGM  forecast  maps  of  6-hour  precipitation  accumulation  ending  at  18 
UTC  (Figure  103)  and  00  UTC  (Figure  104)  show  about  .35  '  of  liquid  for  DSM 
between  12  UTC  and  00  UTC.  The  NGM  forecast  maps  of  700  mb  vertical 
velocity  (Figures  105  and  106)  show  the  greatest  upward  motion  southeast  of 
DSM.  The  corresponding  500  mb  forecast  maps  (Figures  107  and  108)  show  that 
this  predicted  vertical  velocity  maximum  is  associated  with  500  mb  positive 
vorticity  advection  (PVA).  Most  of  the  precipitation  at  DSM  is  forecast  to  fall 
between  12  UTC  and  18  UTC.  The  850  mb  temperature  and  1000-500  mb 
thickness  forecasts  (not  shown)  indicate  snow  for  DSM,  so  a  forecast  of  3-4 "  of 
snow  by  18  UTC  w-ith  little  additional  accumulation  thereafter  seemed 
reasonable  based  on  the  NGM  guidance. 


3.6.2.  Information  Available  During  and  After  the  Storm. 

The  surface  maps  between  18  UTC  25  November  (Figure  109)  and  00  UTC  26 
November  (Figure  110)  show’  a  narrow  band  of  moderate  to  heavy  snow  from 
southw'est  to  northeast  Iowa.  The  surface  low  is  moving  northeast  across 
Missouri  and  into  w'estem  Illinois.  Moderate  northerly  winds  are  helping  to 
reduce  visibility  with  blowing  snow  in  the  central  plains.  The  radar  summaries 
show  level  2  echoes  remaining  in  the  DSM  vicinity  between  17  UTC  (Figure  1  i  1 ) 
and  21  UTC  (Figure  112),  and  dissipating  thereafter.  The  hourly  observations  for 
DSM  show  moderate  or  heavy  snow  between  15  UTC  and  23  UTC,  with  heavy 
snow  between  17  UTC  and  19  UTC.  Seven  inches  of  snow  is  reported  on  the 
ground  at  00  UTC.  A  total  of  1.06"  of  liquid  precipitation  falls  between  12  UTC 
and  00  UTC,  .45"  during  the  first  6  hours  and  .61"  during  the  latter  six  hours.  The 


78 


precipitation  by  .56".  Figures  113  and  114  show  the  6  hour  observed  precipitation 
totals  over  the  midwest  for  18  and  0  UTC.  The  observed  precipitation  amounts 
are  heavier  than  and  to  the  NW  of  the  NGM  forecast  maximum  (viz.  Figures  103 
and  104). 

Figure  1 15  shows  the  500  mb  00  UTC  26  November  height  and  vorticity 
analysis.  The  vorticity  gradient  over  the  DSM  vicinity  is  greater  than  that 
forecasted  by  the  NGM  (see  Figure  108),  suggesting  greater  PVA  and  vorticity 
induced  upward  vertical  motion  than  forecast  during  the  previous  12  hours.  This 
northwest  deviation  of  the  vorticity  gradient  from  the  NGM  forecast  is  probably 
responsible  for  the  more  prolonged  and  heavier  than  forecasted  precipitation 
over  the  DSM  vicinity. 


3.6.3.  Utility  of  the  Profiler  Data. 

Figure  1 16  shows  the  18  UTC  profiler  derived  3000  m  winds  and  vertical 
velocity.  A  band  of  upward  motion  of  >  2.5  cm/s  extends  across  southerr  Iowa 
and  into  eastern  Nebraska,  suggesting  a  continuation  of  significant  snow  in  DSM 
beyond  18  UTC.  This  is  contrary  to  the  NGM  vertical  velocity  and  precipitation 
forecasts  (Figures  104  and  106),  which  indicate  little  snowfall  after  18  UTC.  The 
time-height  cross  section  of  vertical  velocity  over  DSM  (Figure  117)  shows  a  deep 
layer  of  >  2.5  cm/s  upward  motion  moving  over  by  16  UTC  with  moderate  snow, 
and  continuing  with  moderate  to  heavy  snow  through  21  UTC. 

Figure  118  shows  the  profiler-derived  5500  m  wind  and  relative  vorticity 
analysis  for  18  UTC  25  November.  The  vorticity  maximum  and  associated 
vorticity  gradient  is  north  of  the  forecast  position  (see  Figiire  107),  with 
subsequently  stronger  PVA  over  the  DSM  vicinity.  Thus,  18  UTC  profiler  derived 
vorticity  advection  indicates  PVA  which  is  stronger  than  forecasted  by  the  NGM, 
a  trend  which  continues  for  the  following  6  hours  (see  the  00  UTC  plots  in 
Figures  108  and  115).  Figure  119  shows  the  15  UTC  profiler  derived  5500  m 
winds  and  relative  vorticity  which  would  be  available  around  the  same  time  the 
NGM  12  UTC  guidance  would  be.  The  profiler  analysis  already  shows  the  center 
of  circulation  to  the  north  of  the  forecasted  position  at  18  UTC.  Tnis  provides  an 
early  clue  to  the  forecaster  that  the  NGM  is  tracking  the  vorticity  gradient  too  far 
to  the  south. 
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In  summarN’,  the  NGM  underforecasted  snow  amounts  at  DSM,  particularly 
for  the  time  period  18  UTC  25  November  and  00  UTC  26  November,  because  it 
placed  the  500  mb  vorticity  maximum,  and  the  associated  PVA  and  upward 
motion,  too  far  to  the  south  and  east.  This  forecast  error  is  clearly  evident  in  the 
18  UTC  profiler  analyses,  and  indications  of  it  are  present  as  early  as  15  UTC. 
The  forecast  for  the  18  UTC  to  00  UTC  time  period  could  thus  hjve  been 
corrected  shortly  before  and  at  the  beginning  of  the  forecast  period. 


Figure  99:  Surface  weather  map  and  sea-level  pressure  analysis  for  12  UTC  25  November 
1992. 
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Figure  100:  MDR  summary  for  12  UTC  25  November  1992. 


Figure  101: 850  mb  weather  map  and  height  analysis  for  12  UTC  25  November  1992. 
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Figure  102: 500  mb  weather  map  and  height  analysis  for  12  UTC  25  November  1992. 
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Figure  103:  NGM 12  UTC  25  November  1992 forecast  of  6-hour  accumulated 
precipitation,  valid  13  UTC  25  November  1992. 
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Figure  104:  hIGM  12  UTC  25  November  1992 forecast  of  6-hour  accumulated 
precipitation,  valid  00  UTC  26  November  1992. 
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Figure  105:  NGM  12  UTC  25  November  1992 forecast  of  700  mb  vertical  velocity  (10 
^pb/s,  or  mm/s),  valid  18  UTC  25  November  1992. 
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ri^urc  106:  .VCAJ  12  LITC  25  November  ) 992  forecast  of  700  mb  vertical  velocitv  (10' 
[ub/s.  or  mtu/>),  valui  00  UTC  26  November  1992. 


Figure  107:  NGM  12  UTC  25  November  1992 forecast  of 500  mb  hei<iht  (solid  lineO  and 
absolute  vorticity  (dashed  lines),  valid  IS  UTC  25  November  1992. 
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Fi<^urc  108:  NGM  12  UTC  25  Noxvmbcr  1992  forecast  of 500  mb  height  (solid  lines)  and 
‘  absolute  vorticity  (dashed  lines),  valid  00  UTC  26  November  1992. 
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F{i^uri  109:  Surface  weather  map  and  sea-leivl  pressure  analysis  for  18  UTC  25 
Noivmber  1 992. 
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Fi'sUri'  1 1 1.  MPR  •>ummani  for  17  UTC  25  yJozvmlvr  1992. 


F^'^urc  114:  Obficnrd  b-hour  precipitation  accumulation  (in)  ending  00  UTC  26 
\'ovctnhcr  1992. 
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Fi'^ure  1 15:  500  mb  analysis  of  height  (solid  lines)  and  absolute  vorticity  (dashed  lines) 
‘  for  00  UTC  26  November  1 992. 
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Fij^urc  116:  Proftlcr-dcrwcd  analys^is  of  ivinds  and  ink^rated  vertical  velocity  (ent/a)  at 
'  3000  m  for  18  UTC  25  November  1992. 
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Ff^ure  117:  Time-height  cross  section  of  profikr-deriivd  winds  and  integrated  vertical 
velocity  (cm/s)  for  DSM  for  12-23  UTC  25  November  1992. 


Fi'^uri'  1  IS:  Pro^ilcr-ticnvcii  anah/st.-i  of  U'inii$  ami  ah^olutc  vorticitu  at  5500  m 

'  for  IS  UTC25h\'irtfth'rl992. 


ri\;tirc  119:  Profiler-derived  analysis  ofwtmin  ami  ab>olute  vorticiti/  (10'\-i'^)  at  5500  m 
for  15  UTC  25  November  1992. 


3.7.  December  9, 1992:  Oklahoma/Texas  rain  event 

Botwtvn  00  and  12  UTC  9  December  1992  an  area  of  rain  and  embedded 
thunderstt^ms  asstKiated  with  a  strong  mid-level  short  wave  trough  deposited 
.5-1 '  of  rain  in  central  and  eastern  Oklahoma  with  local  amounts  up  to  1.46" 
reported  in  southeastern  Oklahoma.  The  NGM  made  a  good  precipitation 
torecast  between  00  and  06  UTC,  but  was  too  quick  in  moving  the  heaviest 
rainfall  to  the  east  after  06  UTC,  underforecasting  the  rainfall  in  southeastern 
Oklahoma  between  06  and  12  UTC  by  more  than  an  inch.  Profiler  data  available 
for  this  case  was  unable  to  resolve  this  problem  due  to  missing  obser\-ations  and 
the  highly  localized  nature  of  the  heaviest  rainfall. 

3.7.1  Standard  Meteorological  Data  Available  Before  the  Storm. 

The  00  and  06  UTC  surface  analyses  in  Figures  120  and  121  show  a  low 
moving  from  southwest  Texas  to  the  Texas  panhandle  with  a  moist  southeast 
flow  ahead  of  it.  The  NMC  analyses  for  those  times  (not  shown)  indicated  an 
occluded  front  extending  southeastward  from  the  center  of  the  low.  Rain  and 
thunderstorms  are  occurring  to  the  north  and  east  of  this  occluded  front  in 
northern  Texas.  The  manually  digitized  radar  summaries  (shown  in  Figure  122 
for  06  UTC)  show  an  eastward  moving  area  of  rain  streching  from  Kansas  to 
Texas.  The  heaviest  rainfall  is  occuring  across  northern  Texas  along  the  occluded 
front. 

The  00  UTC  upper  air  maps  show  a  short-wave  trough,  tilting  back  from  the 
Texas/New  Mexico  border  at  850  mb  (Figure  123)  to  centra!  New  Mexico  at  500 
mb  (Figure  124).  Ahead  of  this  trough,  the  low  level  is  characterized  by  a  moisC 
atmosphere  over  Oklahoma  and  northern  Texas,  with  850  mb  southerly  flow 
from  the  Gulf  of  Mexico  resulting  in  warm  and  moist  advection.  At  500  mb  and 
300  mb  (not  shown),  diffluence  over  northern  Texas  and  Oklahoma  contributes 
to  upward  motion. 

The  00  UTC  NGM  6  and  12  hour  forecasts  of  6  hour  precipitation  for 
Oklahoma  in  Figures  125  and  126  show  .2-.5"  between  00  and  06  UTC  and  less 
than  .3"  between  06  and  12  UTC.  The  corresponding  forecasts  of  700  mb  vertical 
velocity  in  Figures  127  and  128  show  a  band  of  maximum  upward  motion  from 
north  central  Texas  to  south  central  Kansas  at  06  UTC  moving  to  the  east  with  the 
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mavimum  upward  motion  over  northeast  Texas  by  12  UTC.  The  precipitation 
torec  ists  do  nt>t  correspond  as  well  to  the  vertical  velocity  forecasts  as  in  some  of 
the  i  .1  r  cases  decreasing  precipitation  'ntensitv  is  ft>recast  over  northeast 
li'xas  southeast  t.'tklahoma  at  the  same  time  when  the  upward  motion 
intensities  over  this  area,  and  the  precipitation  maximum  at  12  UTC  to  tire  east 
does  not  correspi>nd  t('  anv  feature  in  the  vertical  velocitv  forecast,  [-'xaniination 
of  the  forecast  moisture  fields  (not  shown)  did  not  reveal  the  reason  for  the 
apparent  discrepancy.  Apparently,  other  factors  (possibly  related  to  convective 
pre(.ipitation)  determined  the  N’CiM  precipitation  forecast.  The  00  UTC  NGM  h 
and  12  hour  fi’recasts  e»f  500  mb  heij^ht  and  vorticity  in  Figures  129  and  130  show 
the  sliort  wave  trough  moving  across  northern  Texas  and  Oklahoma  with  little 
change  in  mtensitv.  The  associated  positive  vorticity  advection  is  moving  from 
north  central  Texas  at  Oh  UTC  to  southeast  Oklahoma  at  12  UTC,  consistent  with 
the  vertical  velocitv  forecast. 


3.7.2.  Information  Available  During  and  After  the  Storm. 

The  low  pressure  area  in  the  Texas  panhandle,  and  the  associated  occluded 
front  through  northeast  Texas,  moves  east  by  ver\’  little  between  06  and  12  UTC, 
as  can  be  seen  in  the  surface  map  for  12  UTC  in  Figure  131.  Rain  and 
thunderstiirms  continue  along  and  to  the  north  and  east  of  the  occluded  front. 
The  10  UTC  radar  summary  in  Figure  132  shows  a  large  area  of  rain  and 
embedded  thunderstorms  from  northeast  Texas  northward  to  Missouri  and 
eastward  to  Mississippi.  Tlie  most  widespread  heavy  rainfall  is  viccurring  in 
northeast  Texas  where  the  NCM  forecasted  the  maximum  upward  motion. 

TTie  verifying  12  UTC  analysis  of  500  mb  height  and  vorticity  in  Figure  133 
shows  a  slightly  deeper  than  forecast  trough,  but  an  otherwise  very  accurate  12 
hr  forecast  over  southeast  Oklahoma  and  northeast  Texas.  The  forecasted  and 
verifying  patterns  of  vorticity  advection  (not  shown)  agree  to  within  10"'o.  In 
spite  of  this  good  forecast  of  the  flow  field,  the  Ts’CM  precipitation  forecast  was 
not  accurate  for  the  06  to  12  UTC  time  period;  only  .25'’  of  rain  for  northeast 
Texas  and  .southeast  Oklahoma  was  forecasted,  when  .3-1.5"  actually  fell,  and  the 
forecast  precipitation  maximum  was  too  far  to  the  east  in  Mississippi.  The 
reasons  for  the  apparent  disco’pancy  between  the  vertical  motion  and 
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precipitation  forecast,  and  thus  the  precipitation  forecast  error,  are  not  entirely 
clear. 


3.7.3. 1'tility  of  the  Profiler  Data. 

The  profiler  analyses  for  this  case  suffered  from  missing  obser-  ations  at  a 
number  of  sites:  both  profilers  in  northern  Texas  (JTN  and  PAT),  the  site  in 
northern  N  w  Mexico  (TUC),  and  sites  in  eastern  Oklahoma  (HKL)  and  Kansas 
(NDS).  As  a  result,  details  of  the  circulation  over  Texas  are  not  observed  at  all, 
resulting  in  poor  estimates  of  derived  quantities  over  this  region.  However,  the 
remaining  obser\-ations  allow  reliable  analyses  of  the  wind  and  convergence 
fields  over  southeast  Oklahoma,  where  the  greatest  rainfall  was  reported. 

The  06  and  12  UTC  profiler  analysis  of  3000  m  horizontal  winds  and  vertical 
velocities  in  Figures  1.34  and  135  show  ascent  over  eastern  Oklahoma,  in  general 
agreement  with  the  corresponding  NGM  forecasts.  The  ascent  intensifies  with 
time.  The  time-height  cross  section  of  horizontal  winds  and  vertical  velocity  over 
McAlester,  OK  (MLC  -  see  Figure  131  for  station  location)  in  Figure  136  shows 
descent  between  00  and  06  UTC,  and  intensifying  ascent  afterwards.  This  patten. 
corresponds  well  to  the  hourly  observations  from  MLC,  which  indicated  not 
more  than  a  trace  of  precipitation  before  06  UTC,  and  continued  rain  producing 
1.46''  between  07  and  12  UTC.  Thus,  the  profiler-derived  vertical  velocity 
analysis  is  in  agreement  with  the  NGM  vertical  velocity  forecast,  and  consistent 
with  the  observations  of  precipitation.  Since  the  NGM  precipitation  forecast  was 
poor  for  reasons  other  than  errors  in  the  wind  field,  this  information  is  not  useful 
for  correcting  the  NGM  forecast  of  precipitation. 

The  profiler  derived  analyses  of  the  500  mb  flow  are  less  than  helpful  in  this 
case.  The  12  UTC  analysis  of  5500  m  horizontal  winds  and  vorticity  shown  in 
Figure  137  deviates  from  the  corresponding  Raob  based  analysis  (Figure  133)  in 
some  important  details  over  the  data-void  region:  the  trough  axis  is  too  far  to  the 
west,  and  the  curvature  of  the  flow  over  northeast  Texas  has  the  wrong  sign, 
resulting  in  an  erroneous  vorticity  pattern,  and  vorticity  advection  of  the  wrong 
sign  over  northeast  Texas  and  southeast  Oklahoma. 
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In  summar)-,  the  NGM  forecast  of  precipitation  for  northeast  Tcxas/southcast 
t'*klah  'nia  was  too  low  for  the  time  period  Ob  UTC  to  12  UTC  in  this  case,  in  spite 
oi  .1  i;i'norallv  accurate  fi>recast  of  the  flow  field  and  verticil  velocity  pattern.  The 
cause  of  the  fi^recast  err('r  was  not  apparent.  Profiler  analyses  of  low  level 
\  ertical  \  ek'cily  i>ver  Oklahoma  are  in  general  agreement  with  the  NGM  forecast, 
and  thus  not  helpful  in  identifying  the  NGM  forecast  error  in  precipitation. 
.Missing  data  made  profiler  analy.ses  over  Texas  unreliable,  and  resulted  in  an 
erroneous  pattern  of  vorticity  advection  over  Texas  and  southeast  Oklahoma. 
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Figure  120:  Surface  ireathcr  map  and  sca-lcvcl  pressure  analysis  for  00  UTC  9  December 
1992. 
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F(?i<rc  121:  Surface  iceather  map  and  sea-level  pressure  analysis  for  06  UTC  9  December 


Figure  122:  MDR  summary  for  06  UTC  9  December  1992. 
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Figure  125:  NGM  00  UTC  9  December  1992 forecast  of  6-hour  accumula..d 
precipitation,  valid  12  UTC  9  December  1992. 


Figure  126:  NGM  00  UTC  9  December  1992 forecast  of  6-hour  accumulated 
precipitation,  valid  06  UTC  9  December  1992. 
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Fiffurc  128:  NGM  00  UTC  9  December  1992  forecasil  of  700  mb  vertical  irlocity  (10' 
^^b/s,  or  valid  12  UTC  9  December  1992. 
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Fif^urc  129:  NCM  00  UTC  9  Dixembcr  1992 forecast  of 500  mb  height  (solid  lines)  and 
absolute  vorticity  (dashed  lines).  I'alid  06  UTC  9  December  1992. 
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Figure  130:  NGM  00  UTC  9  December  1992 forecast  of 500  mb  height  (solid  lines)  and 
absolute  vorticity  (dashed  lines),  valid  12  UTC  9  December  1992. 
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Figure  IM:  Surfja'  uralhcr  map  and  sea-lcivl  pressure  analysis  for  12  UTC  9  Dixcmbcr 


Figure  132:  XIDR  summary  for  10  UTC  9  December  1992. 
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Fi}iurc  133: 500  mb  analvsts  of  height  (solid  lines)  and  absolute  vortidty  (dashed  lines) 
for  12  UTC  9  December  1992. 


Figure  134:  Profiler-derived  analysis  of  tvinds  and  integrated  vertical  xxlocity  (cryt/s)  at 
3000  m  for  06  UTC  9  December  1992. 
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Figure  135;  Profiler-derived  analysis  of  rvinds  and  integrated  vertical  velocity  (cm/s)  at 
3000  m  for  12  UTC  9  December  1992. 


Figure  136:  Time-height  cross  section  of  profiler-derived  winds  and  integrated  vertical 
velocity  (cm/s)  for  MLC  for  00-12  UTC  9  December  1992. 
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Figure  137:  Profiler-derived  analysis  of  winds  and  absolute  vorticity  (10-^'^'  at  5500  tn 

for  12  UTC  9  December  1992. 

3.8.  April  24, 1993:  Tulsa,  Oklahoma  tornado 

At  approximately  2350  UTC  24  April  1993  a  strong  tornado  plowed  through 
eastern  Tulsa,  Oklahoma  (OK),  and  nearby  suburb  Catoosa,  killing  10  people  and 
injuring  50  (AP  1993).  Though  the  National  Severe  Storms  Forecast  Center 
(NSSFC)  had  issued  tornado  watch  boxes  for  the  area  and  chasers  from  the 
University  of  Oklahoma  knew  enough  to  be  near  Tulsa,  the  tornado  still 
surprised  the  local  citizenry  because  it  and  its  parent  supercell  developed  quickly 
and  because  the  tornado  was  obscured  by  heavy  rain  (personal  communication, 
Steven  Weygandt  1993).  NSSFC  discussed  their  use  of  profiler  data  in 
determining  a  watch  area,  but  their  use  was  limited  to  raw  profiler  data,  not  on 
any  synthesized  analyses  or  derived  products.  Considering  the  isolated  nature 
of  this  particular  storm,  wind  profiler  analyses  would  prove  useful  here  if  it 
could  aid  in  predicting  this  narrow  area  where  convection  occurred.  The  case 
study  shows  how  products  derived  from  the  wind  analyses  could  aid  in  making 
this  forecast. 


3.8.1.  Standard  Meteorological  Data  Available  Before  the  Storm. 

Doppler  radar  data  was  not  available  to  us  for  this  case  study,  but  most  other 
standard  information  was  available.  Figures  138-139  show  surface  plots  in  the 
OK  region  for  18  and  23  UTC  24  April  1993.  The  feature  of  most  interest  is  the 
small  wave  on  the  cold  front,  which  at  18  UTC  stretches  from  the  Texas 
panhandle  to  the  northeast,  crossing  through  western  OK  into  southeast  Kansas 
(KS).  The  front  is  marked  by  a  dramatic  wind  shift  (northerly  flow  north  of  the 
cold  front,  southerly  flow  to  the  south),  and  a  drop  in  temperatures  and 
dewpoints.  The  wave  moves  to  the  northeast,  so  at  23  UTC  (Figure  139)  it  is  just 
to  the  southeast  of  Tulsa,  with  the  trailing  front  extending  SSW  through  central 
OK.  12  UTC  24  April  1993  850,  700, 500,  and  300  mb  facsimile  maps  are  shown 
in  Figures  140-143.  Both  850  mb  and  700  mb  flow’  over  OK  is  dominated  by  a 
strong  southwesterly  flow,  and  the  850  mb  air  is  very  dry  at  Oklahoma 
City/ Norman  (OUN) ,  indicating  the  elevated  mixed  layer  extends  below  850  mb 
here.  The  air  at  500  mb  is  relatively  coo)  at  OUN;  the  area  to  the  west  is 
characterized  by  more  cool  air  extending  into  New  Mexico  and  an  approaching 
jet  streak  seen  at  both  500  and  300  mb.  Skew-T s  at  12  UTC  for  OUN  (Figure 
144),  and  UMN  (Monett,  Missouri;  Figure  145)  showed  a  difference  in  the  depth 
of  the  moist  air,  which  extended  only  to  about  900  mb  at  OUN  and  to  about  750 
mb  at  UMN.  If  parcels  were  able  to  break  through  the  lid,  t’^'ere  was  ample 
convective  available  potential  energy  (CAPE)  available,  as  indicated  by  the 
negative  lifted  indices.  UMN  had  CAPE  of  998  J  kg’*  and  a  -5  lifted  index  (LI) 
already  at  12  UTC,  while  OUN  similarly  had  702  J  kg’*  and  a  -2  LI. 

Satellite  information  showed  scattered  cloudiness  over  OK.  Looping  the 
satellite  imagery,  through  22  UTC  24  April,  no  deep  convection  was  evident,  but 
the  clouds  over  OK  were  moving  quickly  to  the  .northeast,  indicating  strong 
southwesterly  winds  at  cloud  level.  Ground  observ’ers  reported  towering 
cumulus  with  strong  tilt  during  the  pre-tomadic  time  period,  but  no 
thunderstorms  were  obvious,  as  shown  in  the  22  UTC  GOES  IR  image  (Figure 
146  (a) ). 

The  12  UTC  NGM  12-hour  forecast  maps,  valid  at  00  UTC  25  April,  almost  the 
exact  time  of  the  tornado,  are  shown  in  Figures  147-150.  The  NGM  forecast  maps 
give  hints  of  conditions  favorable  for  severe  thunderstorm  development;  at  00 
UTC  25  April  a  500  mb  vorticity  maximum  is  quickly  approaching  from  the  west, 
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and  there  is  a  surface  low  in  central  Oklahoma  with  a  warm  front  draped 
northeast  from  the  low,  toward  another  low  in  upper  Michigan.  There  is  also  a 
local  700  mb  vertical  vekxrity  maximum  in  north  central  OK.  The  precipitation 
forecast,  however,  did  not  indicate  much  rainfall  through  00  UTC.  A  forecaster 
might  take  this  as  a  hint  of  the  inability  for  convection  to  penetrate  the  lid  on  this 
day, 

3.8.2.  Information  Available  During  and  After  the  Storm. 

The  isolated  thunderstorm  spawning  the  tornado  is  obvious  in  the  GOES 
imagery.  Figures  146  (b)  -  (d)  show  IR  imagery  for  23  UTC  24  April  1993  and  for 
00  and  01  UTC  25  April  1993.  The  satellite  data  show  the  rapid  development  of  a 
thunderstorm  in  northeastern  Oklahoma  and  the  quick  spread  of  the  anvil. 

3.8.3.  Utility  of  the  Profiler  Data. 

One  of  the  obvious  uses  of  the  profiler  analyses  is  to  compare  the  vorticity  as 
derived  from  the  profiler  network  to  the  NGM  fields.  The  software  can  animate 
a  time  series  of  the  analyses,  both  for  horizontal  and  vertical  cross  sections, 
showing  the  hour-by-hour  movement  of  vorticity.  Horizontal  plots  of  absolute 
vorticity  at  5500  m  (approximately  500  mb)  derived  from  the  profilers  are  shown 
in  Figures  151  (a)  -  (b)  for  21  and  23  UTC  24  April  1993,  respectively.  As  shown, 
there  is  a  concentrated  vorticity  maximum  in  western  KS  moving  east,  with  a 
broad  area  of  positive  vorticity  advection  ahead  of  this  maximum.  Assuming 
less  vorticity  advection  below,  by  quasigeostrophic  theory'  this  area  should  have 
strong  upward  motion.  This  seems  to  be  in  agreement  with  the  NGM  s  700  mb 
vertical  velocity  forecast  for  00  UTC  25  April  (Figure  150),  which  shows  north 
central  OK  experiencing  the  strongest  upward  motion.  Thus,  from  both  profilers 
and  numerical  forecasts,  at  first  glance  eastern  OK  and  Tulsa  does  not  app^>ar  to 
be  at  the  center  of  strongest  upward  motion;  the  area  further  west  and  north 
does.  However,  Figure  152  (a)  -  (b)  show  cross  sections  of  vertical  velocities  at 
21  and  23  UTC  derived  from  the  divergence  equation  and  taken  along  the  dashed 
line  in  Figure  151.  Tulsa  is  marked  with  a  dot  on  Figure  143,  and  a'T'  on  Figure 
144.  As  shown  in  Figure  144,  there  is  a  localized  lower-tropospheric  maximum  of 
vertical  velocity  over  eastern  OK  at  approximately  the  elevation  of  the  lid.  This 
may  have  been  key  to  forecasting  this  event;  since  the  entire  Oklahoma  area  was 
strongly  capped,  the  area  (eastern  OK)  with  stronger  upward  motion  at  the  level 
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of  the  cap  was  more  likely  to  experience  penetrative  convection.  Further 
evidence  for  the  sustained,  localized  nature  of  the  upward  motion  at  lid  elevation 
can  be  stvn  by  examining  the  horizontal  plots  of  700  mb  vertical  velocity  for  2000 
-2300  UTC  24  April,  shown  in  Figure  153  (a)  -  (d),  respectively.  In  each  of  the 
plots,  eastern  OK  is  again  experiencing  the  strongest  upward  motion  of  any  of 
the  areas  along  the  frontal  zone.  The  consistency  of  upward  motion  from  hour  to 
hour  in  eastern  OK  and  its  slight  southeastward  displacement  from  the  NGM 
forecast  position  should  indicate  to  the  forecaster  this  area  could  preferentially 
break  through  the  lid  and  develop  deep  convection,  especially  the  area  in  eastern 
OK  along  the  front. 

This  analysis  was  aided  by  hindsight,  but  even  so,  a  talented  forecaster  may 
well  have  found  supplemental  evidence  in  the  profiler  network  analyses  to 
indicate  severe  weather  potential  and  narrow  down  the  tornado  watch  area  to  a 
smaller  area. 


106 


^copotcntial  ami  temperature 


■  *  '^liJ"*."  »  '‘‘•y'  “/. 

_ “-^?r-'  —  ^  1^ ' 

»fff  "  Mt*  n>  It*  01 

:;.<■  h:  .....  .  ...  ..  ,  r«..»^.  --' 


Figure  142:  1200  UTC  24  April  1993  500  mb  ^copotential  heif^ht  and  tcmpcraluri 
(jnj/i/si.s. 
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b) 

Figure  151:  Profiler  network  analysis  horizontal  plot  of  absolute  vorticity  (*10^  s'^)  data 
at  5500  m,  or  approximately  500  mb,  at:  (a)  2100  UTC  24  April  1993;  (b)  2300  UTC 
24  April  1993.  Line  indicates  location  of  cross  section  in  Figure  144. 
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■nteoroted  v  *.  (  2.20)  to  (28.10)  time  -  04/24/93  2t00  UTC 


a) 


Figure  152:  Vertical  cross  section  along  line  in  Figure  151  of  vertical  velocities  in  cm  s'^ 
calculated  from  integrating  the  divergence  equation,  (a)  2100  UTC  24  April  1993; 
(b)  2300  UTC  24  April  1993. 
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Figure  153  (continued):  Profiler  network  analysis  horizontal  plot  of  vertical  velocity  data 
at  3000  m  for  (a)  2000  UTC  24  April  1993;  (b)  2100  UTC;  (c)  2200  UTC;  (d)  2300 
UTC 
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4,  Sgmmary  an<t  Cpnciy^ten? 


S*'.itware  was  developed  to  produce  hourly  analyses  of  the  horizontal  and 
directly  measured  vertical  wind  fields  at  several  levels  in  the  atmosphere,  using 
data  from  the  wind  profiler  demonstration  network  in  the  central  US.  A 
standard  Barnes  analysis  was  used  to  produce  gridded  wind  fields  from  the 
profiler  data.  A  first  guess  field  was  used  in  the  analysis,  consisting  of  the 
horizontal  mean  wind  (for  the  first  analysis  in  a  cycle),  or  the  previous  hour's 
analysis  (for  subsequent  analysis  times);  input  data  were  subjected  to  a  quality 
control  step  (beyond  the  quality  control  performed  by  the  profiler  data 
producers),  consisting  of  a  gross  error  and  buddy  check.  Analysis  parameters 
were  chosen  based  on  estimates  of  the  statistics  of  the  analysis  increments.  The 
analyzed  wind  field  could  be  Displayed  along  with  kinematic  quantities 
(vorticity,  horizontal  divergence,  integrated  vertical  velocity,  thermal  wind, 
horizontal  advection  of  various  quantities)  derived  from  the  analyses.  Display 
software  allowed  for  looping  of  horizontal  or  vertical  cross-sections,  and  display 
of  time-height  cross  sections  at  any  analysis  grid  point.  Additional  display 
software  also  allowed  examination  of  the  raw  profiler  data  used  in  the  analyses. 

The  utility  of  the  profiler  data,  and  profiler  derived  analyses,  for  short-term 
forecasting  has  been  demonstrated  in  the  case  studies  presented  in  the  previous 
section.  A  total  of  eight  case  studies  have  been  performed,  covering  a  wide  range 
of  atmospheric  conditions:  two  MCCs  (26  July  and  4  August  1992);  several  cases 
with  convective  and  stratiform  rain  associated  with  upper  level  troughs  (26  July 
1992),  dry  lines  (9  March  1992),  cold  fronts  (26  July,  4  August,  and  7  October 
1992),  and  occluded  fronts  (9  December  1992);  one  case  of  an  isolated,  tornado- 
producing  thunderstorm  (24  April  1993);  and  two  snowstorm  cases  (24  and  25 
November  1992).  The  dynamic  forcing  ranged  from  weak  flow  to  strong, 
deepening  baroclinic  systems. 

In  6  of  the  8  case  studies,  profiler  data  were  useful  in  identifying  forecast 
errors  of  the  NGM  guidance  after  6  hours  into  the  forecast,  when  conventional 
radiosonde  data  were  not  available.  In  two  of  those  cases  (9  March  and  25 
November  1992),  the  developing  forecast  errors  could  be  identified  after  only  3 
hours  into  the  forecast,  and  in  two  others  (7  October  and  24  November  1992)  this 
might  have  been  possible  if  3-hour  forecast  fields  had  been  available.  In  one  case 
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(24  April  1993),  profiler  data  helped  narrow  down  a  broad  area  of  upward 
motion  where  convection  was  most  likely  to  occur.  In  on.y  one  case  (9  December 
1992),  errors  in  the  NGM  precipitation  forecasts  could  nr  -  be  identified  in  the 
comparison  or  forecasted  and  profiler  analyzed  wind  fie-  ;s. 

The  analyzed  fields  of  the  horizontal  profiler  winds  were  found  to  be  in 
general  agreement  with  radiosonde  obserx'ations  (when  available).  The  directly 
measured  vertical  velocity  was  strongly  influenced  by  the  fall  velocity  of 
precipitation,  and  is  thus  somewhat  hard  to  interpret.  Among  the  derived 
quantities,  the  low-level  (e.g.,  700  mb)  vertical  velocity  derived  from  the 
horizontal  convergence  fields  was  foun  '  to  be  particularly  useful  in  identifying 
areas  of  large  scale  forcing  for  stratiform  precipitation,  and  areas  of 
destabilization  and  enhanced  convection.  A  direct  correspondence  between 
precipitation  intensity  and  diagnosed  ascent  could  be  established  in  a  number  of 
cases,  although  there  were  also  some  cases  in  which  this  relationship  did  not 
hold  because  of  other  factors.  The  quasi-geostrophic  forcing  could  be  identified 
in  a  number  of  cases  in  displays  of  the  mid-tropospheric  wind  and  vorticity 
fields,  and  low-level  geostrophic  temperature  advection.  Areas  of  differential 
temperature  advection,  and  corresponding  stabilization  or  destabilization,  could 
be  identified,  although  vertical  profiles  of  the  geostrophic  temperature  advection 
were  found  to  be  somewhat  noisy.  Another  limitation  of  the  analysis  technique 
was  found  in  cases  of  sparse  data  coverage  (at  the  edge  of  the  network,  or  in 
cases  of  missing  data),  where  small  scale  features  of  the  analysis  are  suspect;  we 
also  identified  one  instance  where  analyzed  fields  departed  from  the  input  data 
due  to  erroneous  rejection  of  good  data.  Thus,  it  is  important  to  examine  not 
only  the  analyses,  but  also  the  raw  data  used  in  the  analyses. 

The  selection  of  cases  for  this  study  was  hampered  by  several  factors  that 
would  not  be  applicable  to  operational  forecast  offices.  For  several  potential 
cases,  sufficient  conventional  data  were  not  available  to  us  because  of  logistical 
problems.  In  addition,  profiler  data  from  the  demonstration  networK  during 
1992,  and  the  early  part  of  1993,  suffered  from  several  hardware  problems  that 
caused  large  data  gaps,  and  resulted  in  only  partial  coverage  of  the  network.  As 
discussed  in  the  previous  section,  the  data  gaps  led  to  unreliable  analyses  over 
parts  of  the  domain  in  some  of  the  cases.  The  operational  reliability  of  the  wind 
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profilers  has  much  improved  since  then  (van  de  Kamp.  1993),  thus  alleviating 
manv  ot  the  problems  we  encountered  in  our  study. 

There  is  an  important  caveat  that  applies  to  the  results  of  our  study  in  the 
context  of  a  real-time  forecasting  environment:  all  our  analyses  had  the  benefit  of 
hindsight  -  no  attempt  was  made  to  simulate  the  situation  in  a  forecast  office.  A 
rigorous  prixif  of  the  utility’  of  profiler  data  for  forecasting,  and  a  quantification 
of  its  effect  on  forecast  skill,  would  require  a  comparison  of  forecasts  issued  w’ith 
and  without  profiler  data  under  otherwise  identical  conditions.  Since  there  are  a 
number  of  factors  that  influence  the  forecast  quality  (details  of  the  data  display, 
time  pressures,  experience  of  the  individual  forecasters,  and  effects  of 
"information  overload"),  design  and  evaluation  of  such  a  forecast  experiment  is 
not  an  easy  task  (Heideman  et  al.,  1991).  However,  we  feel  that  even  the 
qualitative  conclusions  reached  from  our  case  studies  make  a  strong  enough  case 
for  including  profiler  data  i.  the  data  stream  of  any  forecast  office. 

Because  of  the  potentially  large  amount  of  data  available  from  individual 
profiler  sites,  the  sofUvare  we  developed  for  producing  and  displaying  gridded 
analyses  should  prove  useful.  For  implementation  in  an  operational 
environment,  some  enhancements  would  be  advisable:  the  user  interface  should 
be  integrated  into  whatever  user  interface  is  used  for  other  display  and  analysis 
products;  displays  of  the  input  data  should  be  directly  superimposed  on  the 
analyses,  to  allow  examination  of  (and  possibly  interactive  changes  to)  the 
quality  control  procedure;  for  direct  comparisons  with  forecast  guidance,  display 
and  manipulation  on  the  same  grid  would  be  desirable;  availability  of  gridded 
forecast  guidance  at  more  frequent  intervals  (at  least  every  3  hours)  would  be 
useful  for  early  identification  of  forecast  errors. 
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